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ABSTRACT 
The implementation of Wavelength Division Multiplexing system (WDM) optical fibre 
transmission systems has the potential to realise this high capacity data rate exceeding 
10 Tb/s. The ability to reconfigure optical networks is a desirable attribute for future 
metro applications where light paths can be set up or taken down dynamically as 
required in the network. The use of microelectronics in conjunction with photonics 
enables intelligence to be added to the high-speed capability of photonics, thus realising 
reconfigurable optical devices which can revolutionise optical telecommunications and 
many more application areas. 
 
In this thesis, we investigate and demonstrate the capability of Opto-VLSI processors to 
realise a reconfigurable WDM optical device of many functions, namely, optical 
multiband filtering, optical notch filtering, and reconfigurable-Optical-Add-Drop 
Multiplexing (ROADM). We review the potential technologies available for tunable 
WDM components, and discuss their advantages and disadvantages. We also develop a 
simple yet effective algorithm that optimises the performance of Opto-VLSI processors, 
and demonstrate experimentally the multi-function WDM devices employing Opto-
VLSI processors. Finally, the feasibility of Opto-VLSI-based WDM devices in meeting 
the stringent requirements of the optical communications industry is discussed. 
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 CHAPTER 1 
INTRODUCTION 
This thesis concerns mainly about realising several reconfigurable optical devices (for 
multichannel networks) based on Opto-VLSI processor technology. In this Chapter, the 
benefits for reconfigurable multichannel systems are first presented. We then review the 
current and future technologies available to realise optical add-drop multiplexer 
(OADM) which is an important component of reconfigurable multichannel networks. 
One of the potential candidates for reconfigurable OADM is the spatial-light-modulator 
that can be created using various core technologies such as deformable micro-mirrors, 
magneto-optics, or liquid crystals. Section 1.11 outlines the contributions of this thesis 
and the resulted publications. 
 
1.1   Communication System 
The universe is intrinsically interconnected. Communication and expressions between 
sentient beings cannot be less important to existence. Therefore there is a need to be 
able to transmit information from one location to the other. So far, the common 
technology used to transmit information is via the generation and detection of 
electromagnetic waves. The spectral window employed ranges from low frequency 
radio waves to the relatively high frequency optical waves (light wave) [1]. Optical 
communication refers to communication systems that use light waves in the visible or 
near-infrared region of the electromagnetic spectrum to transmit and receive 
information [2].  
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1.2   Multichannel Systems 
Optical communication systems fundamentally have the capability to exceed 
transmission rate of 10 Tb/s. This is because of the large frequency associated with the 
light waves [3]. The practical bit rate of optical communication system was however 
limited to 10 GB/s or less, and this is due to dispersion and other nonlinear effects that 
occurred in the propagating fibre. Furthermore the bit rate was also limited by 
performance of the electronics involved [3]. Researchers have demonstrated 
transmission of multiple optical channels involving multiple wavelengths over the same 
optical fibre. It was found to provide a simple yet cost-effective way to increase the 
system capacity to beyond 1Tb/s.  
 
1.3   WDM Lightwave Systems 
WDM is a promising candidate that might allow one to better utilise the high 
transmission bit rate of optical fibre. WDM enables optical signals at different 
wavelengths to be modulated independently and transmitted over the same optical fibre 
[3, 4]. This is possible because light wave do not interact strongly with each other. In 
this manner, WDM provide a mean to harness the broad optical bandwidth associated 
with optical fibres. As a consequence, it has been predicted that large number of 10-
Gb/s channels can be transmitted over the same fibre without a significant increase in 
the operational cost.  
 
1.4 Need for reconfigurable WDM Networks 
If WDM components are reconfigurable, the network will have greater flexibility, and 
optical data within any channel can be modified as required without affecting the in-
service traffic. This will further help to minimise the costs required to upgrade and 
maintain metropolitan and regional transport networks [4].   
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1.5 Optical Add-Drop Multiplexers (OADM) 
Optical add-drop multiplexers (OADM) are important devices for the realisation of 
optical WDM networks. OADM can selectively remove (drop) a wavelength from a 
multiplicity of wavelengths in a fibre, and thus from traffic on the particular channel. It 
then adds the same wavelength in the same direction as the original data but this 
wavelength now carries different modulated signal. Figure 1.1 shows a general add-drop 
multiplexer schematically. There is usually a bank of optical switches between the 
demultiplexer-multiplexer pair. From Figure 1.1, it is clear that each WDM channel 
power can be amplified and equalised when necessary at the add-drop multiplexer. In 
other words, each channel can be independent controlled [5]. 
λ1 λ1
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Figure 1.1.  The schematics of a multi-channel system. The incorporation of an optical add-drop 
multiplexer into the system enables a data content of an optical channel to be altered whenever 
it is required. 
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1.6 Reconfigurable OADMs (ROADM) 
Reconfigurability is a desirable attribute in an OADM. It is desirable because it has the 
ability to select the desired wavelengths to be dropped or added as required, instead of 
having to plan in advance and using fixed-configuration devices. This allows greater 
flexibility because optical signals can be added or removed dynamically as needed in 
the network.  
The essential characteristics of next-generation ROADMs include wide bandwidth, the 
ability of providing dynamic WDM equalisation, low insertion loss, fast switching 
speed, software-driven, compact size, and low cost [6]. There are several technologies 
potentially suitable for reconfigurable OADMs. 
 
1.7 Technologies for Optical-Add-Drop Multiplexer 
Technologies for OADM can be divided into the passive and the active 
(reconfigurable). Examples of the passive OADMs are interference filters and fibre 
Bragg gratings; whereas the active OADMs are Micro-Electro-Mechanical system 
(MEMS) and spatial-light-modulators (SLMs). Current optical networks deploy passive 
OADMs, where the Add and the Drop wavelengths are fixed beforehand [6].  
 
1.7.1. Interference filters 
Interference filters are made by depositing a series of thin layers of a number of 
materials with different refractive indices on a flat piece of glass. The materials are 
usually insulators or dielectrics [7], which do not conduct electricity, so these filters are 
sometimes called dielectric filters. A narrow-line interference filter typically transmits a 
single optical channel while reflecting all other wavelengths. Several interference filters 
can be cascaded to pick off a series of wavelengths [4].  
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1.7.2. Fibre Bragg gratings 
Fibre Bragg gratings can be grouped together in ways similar to interference filters, but 
they have some significant functional differences. Generally they reflect a single 
selected wavelength and transmit the rest. Bragg gratings are in-fibre devices and have 
their own pros and cons [4], [8]. Bragg Grating can reflect a predetermined narrow or 
broad range of wavelengths of light incident on the grating, while passing all other 
wavelengths of the light. However, the light reflected inside the fibre grating is reflected 
straight back towards the input fibre and this sometimes presents a problem. 
 
1.7.3. Micro-Electro-Mechanical systems 
Micro-Electro-Mechanical systems (MEMS) are tiny mechanical structures made by a 
series of steps involving deposition and etching of a substrate material. These structures 
can be used as optical switches, which deflect the light by moving back and forth. 
Originally developed for displays, optical MEMS have been adapted for switching [9]. 
Arrays of mirrors are fabricated on silicon substrates, and with careful design, complex 
mirrors can be made to tilt back and forth in two dimensions, so they can scan both 
vertically and horizontally. Such tilting mirror structures can scan over a range of angles 
[10], so they can collect light from many distinct input ports and direct it to any of the 
desired output ports. This gives tremendous flexibility, but it makes accuracy of 
alignment essential [10]. If the mirrors drift from their assigned positions, the output 
will go to the wrong port. MEMS technology is developing rapidly, and appears 
promising for optical switching. However, some important questions remain to be 
answered, particularly the length of time the moving parts can retain the precision 
required for accurate switching [11]. 
 
1.7.4 Spatial-Light-Modulator 
A spatial-light-modulator (SLM) is a device capable of steering and shaping light wave. 
Often, it is sufficient to control either the phase or amplitude of the wavefront. This is 
because it is difficult to simultaneously control the complex amplitude of the lightwave. 
In optical systems, since it is generally desirable to preserve as much optical power as 
possible in WDM, the control of the phase is preferred [6]. In general, the SLM is 
arranged into an array of square pixels, with each pixel independently addressed. SLM 
can be addressed in various ways. For example it can be modulated electrically if the 
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material responds to an electric field or a current; or it can be modulated optically if the 
material responds to optical fields. Furthermore, a SLM can be designed to operate in 
transmissive or reflective mode depending on the optical properties of the modulating 
materials.  
 
1.8 Types of Spatial-Light-Modulator 
Here we briefly review some technologies currently used in the spatial modulation of 
the optical wavefront. 
 
1.8.1 The Stanford Vector Matrix Multiplexer 
An important precursor of holographic beam steering is the so-called Stanford Vector 
Matrix Multiplexer (SVMM) [12], which is a series of light valves arranged usually on a 
plane. Each light valve controls a beam of light transmitted through it, and consists of a 
material whose anisotropy is electrically controlled, such as liquid crystals, sandwiched 
between two polarisers orientated orthogonally to each other. Thus, when an electric-
field is applied to the anisotropic material, the transmittance of the material changes, 
and this attenuates the light passing through it. The main optical communications 
application proposed for the SVMM is optical switching [13], [14]. In such 
architectures, for optical switching with M inputs and N outputs, each input is fanned 
out to N light valves on the SVMM, and M light valves are fanned into each output port. 
Thus by blocking all valves except the light valves that route the input beams to the 
desired output ports, an optical switch is created. The main shortcoming of this 
architecture is that the fan out required for each beam quickly dissipates most of the 
input power, thus making the design unscaleable. 
 
1.8.2 Self Electro-Optic Effect Device (SEED) Modulators 
The pixel cell of a Self Electro-optic Effect Device (SEED) modulator usually consists 
of a semiconductor multiquantum well (MQW) p-i-n structure. The MQW exhibits an 
optical property, called the quantum Stark effect [15], which alters the index of 
refraction and absorption spectra by electrically changing the p-i-n bias voltage, or 
optically “biasing” the MQW through shining a control beam. When the SEED is 
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controlled optically, it is referred to as a symmetric-SEED (S-SEED), since both its 
inputs and outputs are optical. Typically, SEEDs are fabricated using InP-InGaAsP 
semiconductor materials. The main drawback of SEEDs is the difficulty of integrating 
them with large scale integrated circuits [16]. 
 
1.8.3 Magneto-optic modulators 
The operational principle of this class of devices is based on the Faraday effect. When a 
magnetic field is applied to a magneto-optic material, its dielectric permittivity tensor 
components change, and therefore the polarisation of a beam passing through the 
material changes. By placing suitably orientated polariser/ analyser pair on either side of 
the material, it is possible to modulate the amplitude of the transmitted optical field. 
Most of the magneto-optic materials in use are based on yttrium iron garnets. The 
control magnetic field is usually generated by winding a conductor around the garnet. 
Therefore, it is very difficult to build large pixel arrays of magneto-optic modulators 
[17]. 
 
1.8.4 Deformable mirror devices (DMDs) 
Deformable mirror devices consist of a single reflective membrane that is deformed by 
an array of actuators below the membrane [18], [19]. These actuators can be controlled 
electrically, as in the case of piezoelectric actuators, or optically through the use of 
materials that exhibit high opto-mechanical effect. Also in this class are the micro-
mirror array devices that individually control the tilt of arrays of micro-mirrors. 
Although these devices do not modify the wavefront of the incident beam, they can alter 
the amplitude of the pixel by applying a linear phase retardation across each pixel. 
 
1.8.5 Liquid Crystal based Opto-VLSI Processor. 
The Liquid Crystal based Opto-VLSI processor is the core technology that will be used 
throughout this thesis for the manipulation of wavefront in free space. It works by the 
principle of optical phased array, and it is capable of shaping and steering a light beam 
electronically. More details about the operation and characteristics of the processor can 
be found in Chapter 2 of this thesis. 
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1.9 Other Optical Components  
Before we proceed to Chapter 2, let’s review some fundamental photonic components 
and concepts related to this thesis. 
 
1.9.1 Erbium-Doped Fibre Amplifiers (EDFA) 
The most commonly used optical amplifiers are Erbium-Doped Fibre Amplifiers 
(EDFAs). Their operational wavelengths range from 1530 to 1620 nm. EDFAs can 
simultaneously amplify weak light signals at wavelengths across their entire operating 
range and this capability is crucial for wavelength-division multiplexing. However, the 
amplification is not uniform with input wavelength, and this is especially so when 
multiple EDFAs are cascaded, as in the case of optical networks [20]. The amplification 
or gain imbalance of EDFAs would therefore have to be flattened for it to be useful. In 
metro optical networks, where the WDM intensity profile is often unpredictable, a 
tunable notch filter of variable notch depth and bandwidth is required to dynamically 
flatten the EDFA gain [21]. 
 
1.9.2 Optical Circulators 
An optical circulator is a three-port device, whose function is to properly direct light 
through a series of ports. In ideal case, light that enters port 1 will be directed to port 2, 
and any light entering at port 2 will be directed to port 3. The inside operation of an 
optical circulator is based on the polarisation rotation of light using the principle of 
Faraday rotation [22]. 
 
1.10 Gaussian Beam Optics 
Here we cover some concepts in Gaussian Beam Optics relevant to this research project. 
It is often necessary to focus, modify, or shape a laser beam using lenses or other optical 
elements in most laser applications. It is therefore essential to have an appreciation of 
how light wave of certain beam diameter propagates. In order to simplify the laser beam 
propagation analysis, we will assume the laser beam intensity profile to be Gaussian. 
[23].  
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1.10.1 Beam Waist and divergence 
In the case of Gaussian intensity beam profile, the light emitted from a laser source 
adopts a Gaussian transverse irradiance profile as shown in figure 1.2. The general 
accepted definition of beam diameter is the diameter at which the beam intensity has 
fallen to 1/e2 (13.5%) of its peak value [23]. If we try to find the corresponding optical 
power within that beam size which involves integration of the area under the graph for 
contour value of -w to +w, the power is approximately 0.95Po where Po is the total 
power of the beam. Note that the physical quantity measured by a power meter is the 
optical power of the incident beam and not the intensity. 
100
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Figure 1.2.  Gaussian beam profile. The power within the 1/e2 radius is approximately 0.95P0. 
 
It is not possible in practice however, to have a perfectly collimated beam as the beam 
travels away from the source. This is because the light undergoes diffraction and so the 
light waves spread transversely as they propagate. As expected, the smaller the beam 
the more profound is the diffraction effect. The following expression accurately 
describes beam spreading: 
2/12
2
0
0 1)( ⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛+=
w
xwxw π
λ      (1.1) 
where x is the distance propagated from the position where the wavefront is flat, λ  is 
the wavelength of light, w0 is the radius of the 1/e2 irradiance contour at the plane where 
the wavefront is flat, w(x) is the radius of the light beam after the wave has propagated 
the distance x from the source. The beam radius at the source is known as the beam waist 
radius, w0.  
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The divergence of the beam diameter is non-linear as a function of propagating distance. 
The divergent of the beam is small for distance close to the laser source. However at far 
distance from the laser, the divergence is larger and approaches an almost linear-
asymptote. The Raleigh range ( ), is the distance at which the beam radius grows by a 
factor of 
RZ
2 0w , and is given by [22] 
λ
π 2o
R
w
Z =      (1.2) 
 
Figure 1.3.  The variation of Raleigh range with the beam waist radius. 
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1.11 Contributions of Thesis and Publications 
 
1.11.1 Contributions 
This thesis deals with the Opto-VLSI processor which represents a novel class of 
multifunction WDM device. Harnessing the technological strength of optical and VLSI 
systems, it has the capability to perform various important WDM functions. 
Specifically, the main contributions of this thesis are as follows: 
• A multifunction Opto-VLSI based WDM device has been proposed which can 
accomplish three tunable network tasks simultaneously: optical comb filtering, 
EDFA gain equalisation, and add-drop multiplexing. 
 
• Carried out a detailed study of the beam shaping and steering behaviours of the 
Opto-VLSI processor, and have developed an effective yet simple algorithm 
based on direct-feedback method that optimises the performance of the 
processor.  
 
• Experimentally demonstrated the potential of the Opto-VLSI processor to realise 
reconfigurable multiband optical filtering. 
 
• Experimentally demonstrated the capability of the Opto-VLSI processor to 
achieve tunable optical notch filtering. 
 
• Experimentally demonstrated a reconfigurable optical add-drop multiplexer 
(ROADM) employing an Opto-VLSI processor. 
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1.12 Organisation of the Thesis 
The remaining chapters of the thesis are arranged as follows: 
Chapter 2 covers the analysis and optimisation of the Opto-VLSI processor. 
Chapter 3 presents a simple coupling theory and investigates the use of Opto-VLSI 
processor as reconfigurable multiband optical filter. System parameters such as 
wavelength spans and tunability are measured and discussed. 
Chapter 4 demonstrates tunable notch filter based on the principle of densely spaced 
hologram. System parameters such as tunability are again measured and discussed. 
Chapter 5 focuses on the analysis and demonstration of a reconfigurable optical add-
drop Multiplexer (ROADM). A simple theoretical study is first carried out to predict the 
maximum number of channel an Opto-VLSI processor can accommodate. It also 
discusses the use of an optimisation algorithm developed in Chapter 2 to further 
improve the speed. It also demonstrates a 6-channel reconfigurable optical add-drop 
Multiplexer (ROADM) based on Opto-VLSI processor. Interport isolation and crosstalk 
are analysed and discussed.  
Finally, in Chapter 6 the feasibility of the Opto-VLSI processor as a multifunction 
device in WDM networks is considered, and future works are proposed. 
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CHAPTER 2 
OPTO-VLSI PROCESSOR: ANALYSIS AND 
OPTIMISATION 
This chapter introduces the Opto-VLSI processor which is a solid state device capable 
of steering and shaping light waves. As far as light beam steering is concerned, we can 
think of the Opto-VLSI processor as a programmable prism with variable slope surface. 
This chapter is divided into two parts. In the first part we introduce the Opto-VLSI 
processor and develop an analysis that enables significant improvement in diffraction 
efficiency and crosstalk. The second part focuses on the optimisation of the Opto-VLSI 
processor supported by experimental results that are crucial for reconfigurable photonic 
systems, such as optical add-drop multiplexers, optical switches, tunable optical filters 
and WDM equalizers. The background material presented for the Opto-VLSI processor 
is mainly based on the works in ref. [24]. 
2.1 Introduction  
Currently laser beam steering and reshaping devices are often limited in performance 
and cost by mechanical beam directing and stabilisation mechanisms. In order to 
achieve precise pointing and substantial rigidity, mechanical systems often end up being 
bulky. Another desired feature is Submicroradian steering precision. However, 
mechanical systems that are capable of submicroradian steering precision are often 
expensive and complex. Furthermore, it is a challenge for massive mechanical systems 
to provide rapid random pointing. 
Optical phased arrays in the form of Opto-VLSI processors have the potential to 
overcome many of the limitations of mechanical beam steering. Liquid-crystal-based 
Opto-VLSI processor consumes very little input power, thereby opening up application 
areas such as micro-photonics [25], satellite communications [26], and defence [27]. 
Phased array technology offers random-access pointing capability. Liquid crystal 
materials used in the Opto-VLSI processor are generally immune to vibration, and their 
production costs could be reduced dramatically with volume production. The idea of 
optical phased array stems from microwave phased arrays. Microwave phased array 
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systems continue to attract attention despite high cost, because they are capable of 
random-access and rapid beam pointing with no moving parts involved. The Opto-VLSI 
processor is versatile and can benefit many technological areas. Potential applications in 
photonics include free-space optical communications, laser pointing, 3D holographic 
memories, and laser-based imaging systems. The Opto-VLSI processor could provide 
solid-state optical beam steering, multicasting, focusing, and reshaping. By combining 
the latter features, new capabilities can also be obtained. For free-space optical 
communication system, the Opto-VLSI processor can be used for optical beam steering 
and tracking. Ahderom et al. have demonstrated a 4-channel Opto-VLSI-based 
reconfigurable add-drop multiplexer [28]. 
2.2 Historical Development 
Optical beam steering in the form of Opto-VLSI processor has received a great deal of 
attention. Meyer developed a 1-D optical phased array using bulk, lithium tantalate 
phase shifters in the early 1970’s [29]. The array comprised 46 phase shifters on one-
half millimetre spacings. The results were found to be in good agreement with 
microwave phased array antennas theory. A 1-D array of lithium niobate electro-optic 
prism deflectors was later demonstrated by Ninomiya [30] in which both discrete and 
continuous steering were shown. Furthermore, the power required was comparable to 
that for acousto-optic deflectors. The pixel pitches of these prism deflectors were 
hundreds of wavelengths, which results in poor efficiency for large angle beam steering. 
Despite the low efficiency, phased array technology offers several distinct advantages 
such as random-access capability, accurate steering angle and does not shift the 
frequency of incident light (as opposed to the acousto-optic deflectors). Beam steering 
in the visible light region was demonstrated in 1994 [24]. 
 
2.3 Structure of Opto-VLSI processor 
The Opto-VLSI processor comprises an array of liquid crystal (LC) cells driven by a 
Very-Large-Scale-Integrated (VLSI) circuit. A typical processor is shown in Figure 2.1. 
Each electrode pixel is assigned a few memory elements that store a digital value and a 
multiplexer that selects one of the input voltages and applies it to the electrode [25]. 
Indium-Tin Oxide (ITO) is used as the upper transparent electrode. The ITO layer is 
generally grounded and a voltage is applied at the lower electrode by the VLSI circuit 
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below the LC layer. A dielectric base is used as the reflective mirror as illustrated in 
Figure 2.2. The liquid crystal film is continuous and there are no specific hard 
boundaries inserted between the individual phase shifters. Current switching speed of 
the liquid crystal is 50-1000 microseconds rise time, 2-4 ms fall time, 10% - 90% of 
modulation depth. 
Application of a relatively low voltage, on the order of 1 to 10 V, reorients the liquid 
crystal molecules and changes the effective index of refraction as seen by light polarised 
along the direction of quiescent molecular orientation. The maximum phase shift 
available is proportional to the thickness of the liquid crystal layer [31]. The presence of 
the quarter-wave-plate (QWP) makes the device polarisation insensitive.  
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Figure 2.1.  A typical 2-D Opto-VLSI processor capable of beam shaping and steering. 
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Figure 2.2.  The general structure of the Opto-VLSI processor 
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 2.4 Theory and Analysis 
The principle by which the Opto-VLSI processor steers light beam is analogous to the 
way a conventional prism deflects incoming light. Therefore, it is instructive to take a 
brief look at the prism action. 
2.4.1 Prism Action 
A collimated beam propagating through a prism of uniform density (refractive index) 
will be ‘steered’ in a direction opposite to the tilt of the prism due to path difference 
[Figure 2.3(a)]. The greater the slope of the prism the larger the steering angle. A prism 
can also be constructed with a thin film that has greater refractive index on one side than 
the other [Figure 2.3(b)]. Despite the fact that a thin film has uniform thickness, the 
gradual change in the refractive index from a lower value to a higher value across the 
horizontal direction of the film sets up an optical path difference. In other words, the 
wavefront in the region indicated by ‘A’ sees a refraction index, , that is higher than 
the refraction index, , experienced by the wavefront in the region indicated by ‘’B’, 
as shown in Figure 2.3(b). This in turn means that the average propagation velocity in 
the material is higher in the ‘B’ region than in the ‘A’ region. The difference in the 
propagation velocity causes the wavefront, and hence the travelling direction of the 
beam, to tilt towards the region of higher refractive index. Obviously, the greater the 
difference between and , the greater the deflection angle of the beam relative to 
the normal of the film. This is the basis of the beam steering mechanism of the Opto-
VLSI processor. 
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Figure 2.3.  Beam steering through (a) a prism, and (b) a graded index thin film 
 
2.4.2 The Science of Liquid Crystals  
The active material responsible for shaping the wavefront in the Opto-VLSI processor is 
the liquid crystal (LC) layer sandwiched between the pair of energising electrodes. In 
this section we briefly review the properties of liquid crystals relevant to our work.  
The solid state of liquid crystal is in-between solid and liquid phases and for this reason, 
it is termed liquid crystal. Liquid crystal materials have unique characteristics. The 
unique characteristic of the liquid crystalline state is the tendency of the molecules 
(mesogens) to line up along a common axis, known as the director [32]. For 
comparison, molecules in the liquid phase have no particular orientational order. In the 
solid state, molecules are highly ordered and have little translational degree of freedom.  
 Liquid crystals are birefringent materials [33]. In other words, they possess two 
different indices of refraction. Light polarised parallel to the director will have different 
index of refraction compared to the light polarised perpendicular to the director. In 
Figure 2.5, the gray dashed lines represent the director field and the arrows show the 
polarisation vector. Thus, when light enters a birefringent material as illustrated in 
Figure 2.6, such as a nematic liquid crystal sample, the process is modelled in terms of 
the light being broken up into the fast (called the ordinary ray) and slow (called the 
extraordinary ray) components. Because the two components travel at different 
velocities, the waves get out of phase. When the rays are recombined as they exit the 
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birefringent material, the polarization state has changed because of this phase 
difference. 
Solid Liquid crystal Liquid  
Figure 2.4.  The orientational characteristics of LC relative to that of solid and liquid. 
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Figure 2.5.  The various orientations of the polarisation vector relative to the director field. The 
gray dashed lines represent the director field. 
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Figure 2.6.  The propagation of unpolarised light through a birefringent material. 
The birefringence of an LC material is characterised by the difference in the indices of 
refraction for the ordinary and extraordinary rays. In other words, the index of refraction 
is defined as the ratio of the speed of light in vacuum to that in the material. We have 
for this case, for the velocities of a wave travelling perpendicular to the director and 
polarised parallel and perpendicular to the director, so that the maximum value for the 
birefringence is. 
The “p ular” 
case 
The “parall  case 
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The condition describes a positive uni-axial material, and hence nematic liquid crystals 
are in this category. For typical nematic liquid crystals, is approximately 1.5 and the 
maximum difference, may range between 0.05 and 0.5. 
The final phase shift of the light wave also depends on the length of the sample. 
Therefore, polarization state of the emerging light from the sample is combination of the 
birefringence of the sample material and the length parameters. 
We can use the concept of optical path in LC media to understand the polarisation of 
light in birefringent material. The vertical and horizontal wave components in Figure 
2.6 are travelling with different speeds in the birefringent material, and therefore, they 
will have different optical path length. The difference in optical paths will lead to a 
change in the polarization state of the wave as it progresses through the medium. The 
optical path for a wave travelling a distance  in a crystal is defined as so that the optical 
path difference for the two wave components mentioned above will be [33] 
nLnnL oe Δ=− )(      (2.1) 
The resultant phase difference between the two components (the amount by which the 
slow, extraordinary component lags behind the fast, ordinary component) is λπ /2 nLΔ  
where λ  is the wavelength of the incident light in vacuum. 
The other useful property of nematic liquid crystals is their dielectric 
anisotropy, ⊥−=Δ εεε || , which causes the LC to interact with an external applied 
electric field. If the dielectric anisotropy is positive, the average direction of the LC 
director will orient as to align with the applied electric field as shown in Figure 2.7. The 
solid arrows represent the electric field vector and the dashed arrows show the electric 
force on the molecule. The deformation owing to the electric field is balanced by the 
visco-elastic properties of the LC. When the field is removed, the elasticity causes the 
material to relax back to its initial equilibrium state. Any static deformation of an LC 
can be described by the three basic deformations: splay, twist and bend [32]. 
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Figure 2.7.  Application of an external electric field causes the director of the LC molecule to 
align with the applied field. 
 
As research into this field continues, new liquid crystal mixtures will continue to be 
developed, thus enabling the Opto-VLSI technology to play an important role in many 
new applications.  
 
2.4.3 Beam Steering Analysis  
We now return to the analysis of the steering mechanism of the Opto-VLSI processor. 
In the previous section we understood that the refractive index of an LC layer can be 
altered by applying an electric field across the film, and that the individual electrodes 
can be addressed independently using a 8-bit controller (i.e. with a digital voltage level 
of 0 to 255).  
Therefore, by changing the voltage across an LC cell within the processor, it is possible 
to rotate the orientation of these molecules and thus change the index of refraction for a 
given polarization. Effectively, we can regard the Opto-VLSI processor as a 
programmable graded-index prism whose phase-retardation can be adjusted 
electronically as shown in Figure 2.8.  
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Figure 2.8.  Liquid crystal beam steering mechanism of Opto-VLSI processor 
However, the major difficulty with LC is that the switching speed of a nematic liquid 
crystal phase shifter is generally inversely proportional to the square of the thickness of 
the nematic liquid crystal layer. Therefore, for fast response, it is desired to keep the 
liquid crystal layer thin. This can be achieved by driving the LC with modulo-2π 
sawtooth ramp [27], as shown in Figure 2.9(b). This modulo-2π sawtooth ramp still 
steers an optical beam with unity efficiency (no sidelobes), but only for the designed 
wavelength for which the phase resets exactly equal 2π radians.  
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Figure 2.9.  (a) A light beam undergoing deflection after passing through the graded-index LC 
layer as a result of (b) the LC linear phase ramp.  
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 Figure 2.10.  Pixilation of the phase ramp causes loss in beam steering efficiency. 
It is usually convenient to quantise the voltage input, resulting in a staircase-like 
(digitised) phase ramp, as illustrated in Figure  2.10. Quantisation into staircase-like 
blazed grating leads to the generation of higher diffraction orders and hence a reduction 
in diffraction efficiency. The first order diffraction efficiency, ηstep is given by [24] 
2
/
)/sin( ⎥⎦
⎤⎢⎣
⎡=
q
q
step π
πη      (2.2) 
where  is the number of steps in the blazed grating profile. q
For example, a five-step variable period grating would give a theoretical efficiency of 
approximately 94%. The 6% energy loss is coupled into the various sidelobes or higher-
order diffraction orders [24]. Finer quantisation gives higher efficiency and 
correspondingly lower sidelobe levels.  
Furthermore, liquid crystals suffer from fringing fields and resistance to rapid change in 
orientation, which makes it difficult to electronically address a liquid crystal array at 
sub-wavelength spacing. This difficulty does not manifest itself during the uniform 
phase-ramp portion of the addressing process [27]. Instead, the difficulty comes at the 
reset point where an abrupt drop in phase is desired. During the phase ramp, fringing 
field effects smooth the phase profile. At the reset point, the fringing field creates a 
spatial region with the opposite phase profile, as shown in Figure 2.11. The flyback 
steers the portion of an incident optical beam to an opposite angular position, thus 
reducing the diffraction efficiency. For small steering angles (i.e. small ramp slope), the 
flyback region represents a small percentage of the phase ramp and has a small impact 
on the diffraction efficiency. However, as the steering angle gets larger, a significant 
portion of the wavefront is coupled into higher diffraction orders, resulting in a 
significant reduction in diffraction efficiency and higher crosstalk.  
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Figure 2.11.  Phase profile due to fringing field and resistance of liquid crystal material to rapid 
change in orientation.  
The overall diffraction efficiency due to quantization as well as the flyback effects can 
be approximated by [27], [34] 
22
1
/
)/sin( ⎟⎟⎠
⎞
⎜⎜⎝
⎛
⋅
Λ−⋅⎥⎦
⎤⎢⎣
⎡=
dqq
q F
total π
πη     (2.3) 
where 
FΛ : Width of the flyback region 
Λ : Length of the grating period dq ⋅=  
q : Number of pixels within the grating’s period 
d : Centre-to-centre spacing between phase shifter 
Figure 2.12 shows the steering efficiency versus the number of pixels for an Opto-VLSI 
processor with and without the effects of flyback. It is obvious that the flyback 
significantly reduces the steering efficiency when the number of pixels is low. 
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Spacing at the half-wavelength level would allow large-angle beam steering without 
creating the detrimental flyback effect [24]. For optimal performance, the beam-steering 
capabilities of liquid crystal devices are currently limited to about 5° in either direction 
in order to maintain high efficiency of beam steering. 
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Figure 2.12.  Steering efficiency versus number of pixels for a step-quantised Opto-VLSI 
processor with and without flyback. 
The application of a periodic sequence of staircase voltage ramps of period Λ  across 
the array aperture (Figure 2.10) steers the beam by an angle θ  (relative to the normal) 
which is described by the general grating equation [24, 34] 
Λ=+
o
inc
λθθ sinsin      (2.4) 
or 
⎥⎦
⎤⎢⎣
⎡ −Λ=
− )sin(sin 1 inco θλθ      (2.5) 
where 
oλ : wavelength in free space 
incθ : the angle of incidence 
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The steering angle θ  depends on the variable grating period Λ  (and sign) of the applied 
voltage ramp. The operation of the device is similar for the receive and transmit mode.  
Efforts to improve the steering efficiency of Opto-VLSI processors can be broadly 
divided into two approaches. The first approach is based on ensuring that the phase 
ramp is truly linear, and the second approach takes into account the flyback effect at the 
π2  resets to minimise the loss, thereby ensuring that the phase is properly reset to zero 
before it is being raised again.  
The nonlinear response of the LC phase to an applied voltage can straightforwardly be 
measured using ellipsometry. However, this is a rather tedious task as it requires 
accurate measurements of many physical parameters which might not be readily 
available for commercial devices.  
In this section, we propose and assess a simple iterative method based on direct optical 
beam measurements in conjunction with closed-loop feedback to optimise the steering 
efficiency of Opto-VLSI processors. 
 
2.5 Experimental Setup 
The experimental setup for optimising the diffraction efficiency of the Opto-VLSI 
processor is shown in Figure 2.13. The Opto-VLSI processor used throughout this 
research was a reflective one-dimensional, 40961×  pixel manufactured by Boulder 
Nonlinear Systems (BNS Inc., USA). The device consists of 4096 electrode strips that 
are 1 µm wide and approximately 6 μm long. The electrode spacing is 1.8 µm and each 
electrode can be driven by an 8-bit (or 256-level) voltage driver. Other devices used 
were collimator with beam size 0.5 mm, fibre polarisation controller, single-mode fibre, 
Newport 1835C power meter  with GPIB interface, Agilent 81682A tunable laser 
source, and a desktop computer running MATLAB® and LabVIEW™.  
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Figure 2.13.  Experimental setup for diffraction efficiency optimisation. 
 
The wavelength was set to 1550 nm, and light was launched from the fibre collimator 
towards the Opto-VLSI processor at an incidence angle of approximately 30° with 
respect to the normal. The photodetector was positioned in front of the Opto-VLSI 
processor to measure the optical power of either the zeroth order reflected beam when 
the power was switched off, or the -1st order steered beam when the Opto-VLSI 
processor was driven by the software-generated blazed grating voltage profile. The 
detected optical power was read by the computer via the GPIB (general purpose 
interface bus) and processed in MATLAB within the LabVIEW environment. After 
measuring the detected power and the changes in detected power due to changes in 
individual pixel voltages, a new voltage profile was calculated using Newton-Raphson 
method and loaded into the Opto-VLSI processor, via its ISA board, for solution 
refinement. 
 
2.6. Experimental Results 
2.6.1 Optical intensity curve characterisation 
The developed LabVIEW program allowed the voltage level of individual electrodes 
within the grating period to be controlled independently and the optical intensity change 
as a function of the voltage level of a given electrode to be measured. The program also 
allowed the user to select the grating period, and a linear voltage ramp was used as the 
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initial input. In our particular setup, a positive slope ramp voltage steered the incident 
light to the direction of the -1st order while the negative slope ramp steered the light to 
the +1st order diffraction angle. Since the multivariable Newton-Raphson method 
requires the derivatives of the optical intensity with respect to changes in voltage levels, 
optical intensity versus voltage profile curves were measured for blazed grating pitches 
(BGP) of 16, 24, 32 and 64 pixels. It was found that the change in the optical intensity 
caused by a change in an electrode voltage can be broadly divided into three classes, 
namely, positive slope, negative slope and maximum turning point, as shown in Figure 
2.14.  
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(a) Positive intensity slope  
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(b) Negative intensity slope 
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(c) Maximum Turning point 
Figure 2.14.  Typical optical intensity versus voltage level curves. 
28 
A gradient detection algorithm was developed and used to identify these categories and 
the optimised voltage values for category 1 and 2 were identified without having to 
perform lengthy calculations. To illustrate the concept of the gradient detection 
algorithm, let us suppose that both the gradients around 0 and 255 voltage levels were 
found to be positive, we can then deduce that it is likely that the voltage profile belongs 
to category 1 where the intensity increases with input voltage. From the Figure 2.14(a), 
we can see that for such a voltage profile the maximum measured intensity occurs at 
. Therefore, the algorithm will set 255=V 255=optimisedV if both gradients are found to 
be positive. Likewise, if both gradients were found to be negative, we can deduce that 
the voltage profile belongs to category 2, where the maximum intensity occurs at 0=V . 
The third kind of I-V relationship involves one maximum turning point. In this case, the 
gradient around the vicinity of V = 0 is positive, but is negative around . The 
voltage value at which the measured optical intensity is at a maximum is found when 
the slope
255=V
0=dVdI . A way to accomplish this is to work in the gradient plane, that is to use 
a plot of dVdI versus and because the point of interest happens to be the root of the 
equation
V
0=dVdI , we can use Newton-Raphson method to find the value of V for which 
0=dVdI . The use of Newton-Raphson method allows the solution to be found with only a 
few iterations. The general iterative expression for the Newton-Raphson method is 
)('
)(
1 xf
xfxx nn −=+      (2.6) 
Adapting equation (2.6) to our case, we obtain 
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2.6.2 Simulation test 
To test the convergence of Newton-Raphson method when operating in the gradient 
plane, we first set up an artificial system whereby the intensity is provided by a normal 
distribution centred around the “optimum” value. Furthermore, the maximum difference 
in optical intensity was set to about 0.010 mW to simulate the actual environment [as in 
Figure 2.14(c)]. It was found that if the starting point is within 50 levels from the 
optimum voltage , it practically converged to the optimum point of V = 50 in just 
one iteration. However, as the difference between  and  gets larger, more 
optV
initialV optV
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iterations were needed to find the root, and eventually it diverges when the voltage 
difference is greater than 90 levels. The simulation results suggest that a proper starting 
point is essential if the convergence condition is to be met. 
 
2.6.3 Noise Handling Issues 
The use of Newton-Raphson iteration as a means to find the optimum voltage value for 
each electrode requires that the optical intensity has to be reasonably stable for accurate 
measurements. The fluctuations in intensity readings were largely attributed to the laser 
source and the fact that the Opto-VLSI processor was constantly updating the voltage 
data from its memory. The noise level measurement was performed by averaging the 
intensity readings over a relatively long time period. A typical graph of measured 
intensity versus time is shown in Figure 2.15. The approach used to minimise the 
reading error was to take five intensity measurements, and ensure that the standard 
deviation of the measured intensity distribution was less than 10-4 mW. If the data set 
was found to be outside the specified standard deviation limit, a new set of intensity 
readings was acquired while all other parameters of the system were kept constant. 
Figure 2.16 shows the effectiveness of the adopted standard deviation criterion at 
improving the accuracy of the algorithm. In this model, the intensity reading is supplied 
by a normal distribution centred around an ‘optimum’ value. We can see from Figure 
2.16 that the standard deviation criterion results in an excellent agreement with theory 
by successfully determining the correct voltage level. 
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Figure 2.15.  Typical fluctuations in optical intensity. 
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Figure 2.16.  Theoretical and measured optical intensity with and without the standard deviation 
criterion. 
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2.6.4 Global Optimisation Results 
Table 2.1 shows the voltage profile and corresponding measured diffraction efficiency 
obtained from the multi-variable Newton-Raphson iteration method using real-time 
optical intensity measurements. 
 
Table 2.1.  Voltage profiles for various blazed grating pitches. 
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It is clear from Table 2.1 that if both the flyback effect and the non-linearity in the 
phase-voltage relationship are properly taken into account, the steering efficiency does 
improve noticeably. For example, for BGP = 48 pixels, the linear voltage ramp 
produces an efficiency of 37.2%. However, if we attempt to optimise the ceiling and 
floor-plateaus, the efficiency drops to 26.4%. If we further optimise the phase ramp, the 
efficiency boosts up to 42%. A plausible explanation for this is that as the grating period 
33 
gets longer, the phase ramp starts to dominate the efficiency because the flyback region 
is largely a constant which almost equals to the thickness of the LC layer [31]. 
The factors that affect the steering efficiency of the Opto-VLSI processor are the 
flyback effect (due to the fringing fields and the viscosity of the liquid crystal), step-
quantisation of the phase-ramp and the non-linear phase-voltage relationship. 
Depending on the grating period, these factors influence the overall steering efficiency 
of the Opto-VLSI processor with varying degrees. As mentioned in [7], the diffraction 
efficiency of an Opto-VLSI processor is governed by a combination of the effects of 
fringing fields and the elastic properties of the LC material. The influence of the elastic 
constant on the efficiency is very complicated. 
As the BGP becomes smaller (at larger steering angles), the nonlinear phase-voltage 
relationship produces less impact on the steering efficiency, and instead, it is the lengths 
of the plateaus that have the greater impact. This is evident from the comparison 
between the cases of BGP = 48 pixels and BGP = 24 pixels which are consistent with 
the fact that as BGP becomes smaller, the ratio of Λ
ΛF increases which causes a high 
loss in the desired angular direction. Since the plateau lengths are directly related to FΛ , 
their influence becomes significant as the grating period drops. 
The Newton-Raphson algorithm as described here does work both in a simulated model, 
whereby the intensity is supplied by a normal-distribution equation, as well as in the 
real system. The rather jagged profile we see at BGP = 48 pixels can be further 
improved by setting a lower value of the standard deviation limit.  
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By investigating the series of voltage profiles in the results section, there seems to be a 
possibility of coming up with an even simpler algorithm. Since the general curvature of 
the ramp-voltage is known, perhaps it is possible to develop a polynomial-based curve-
fitting technique with adjustable constants, and instead of optimising the individual 
electrode voltage within the grating period, the algorithm can optimise the polynomial 
constants, yielding a maximum intensity output in the desired angular direction. This 
proposed curve-fitting technique may require high polynomial orders, which in turn 
requires a relatively large number of electrodes, but this requirement is in line with the 
fact that it is only necessary to optimise the voltage-ramp with high BGP e.g. 48, 64 or 
128 pixels. This will be the core subject of future research. 
Finally, the core of the optimisation LabVIEW program described above is intended to 
be used to control a multifunction MicroPhotonic system that realises reconfigurable 
optical add-drop Multiplexing (ROADM), spectral equalisation, and dynamic optical 
filtering. 
 
2.7 Conclusions 
We have developed and demonstrated a closed-loop feedback algorithm based on 
multivariable Newton-Raphson method to optimise the steering efficiency of an Opto-
VLSI processor in real-time. Results have shown that the algorithm is effective in 
handling the optical intensity fluctuations and that the optimum voltage profile that 
maximises the diffraction efficiency of an Opto-VLSI processor can now be 
automatically determined by simple real-time optical intensity measurements without 
the need of sophisticated measurements of the nonlinear characteristics of liquid crystal 
materials.  
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CHAPTER 3 
OPTO-VLSI BASED RECONFIGURABLE MULTI-
BAND OPTICAL FILTER 
In this Chapter, we discuss the use of Opto-VLSI processors to realise reconfigurable 
multiband optical filters. We analyse the optical coupling loss when fibre collimators 
are used to couple the optical signal into the output port. A simple mathematical model 
is developed which predicts the optical loss, or attenuation, as a function of the steering 
angle of the phase hologram driving the Opto-VLSI processor. We also experimentally 
demonstrate the Opto-VLSI-based reconfigurable multiband optical filter by generating 
multiband optical filter responses with different attenuations and centre wavelengths. 
 
3.1 Introduction  
Recently, multiband optical filters have attracted significant research interest for their 
applications as wavelength selection or transmission control elements in multi-
wavelength lasers, sensors, and wavelength division multiplexed (WDM) systems. The 
following subsections briefly review the technologies used to demonstrate multiband 
optical filter structures. 
 
3.1.1 Long-Period Fibre Gratings  
Long period gratings (LPGs) are an interesting new class of optical devices for sensing 
and telecommunications applications. An LPG is, like the Fibre Bragg Grating, a 
periodic modulation of the refractive index of the core of an optical fibre, but has a 
much longer period: typically between 100 microns and 1 mm [35]. The LPG couples 
light from the propagating mode of the fibre to modes associated with the cladding of 
the fibre. Since the cladding modes are quickly attenuated by the fibre, the transmission 
spectrum of a LPG consists of a series of attenuation bands, each attenuation band 
corresponding to the coupling from the propagating mode to a cladding mode, as 
illustrated in Figure 3.1. 
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Figure 3.1.  Illustration of how a long period grating (LPG) attenuates selected wavebands from 
the input spectrum. 
 
The centre wavelengths of the attenuation bands are dependent upon the composition of 
the fibre, and are influenced by the environmental factors such as strain, temperature, 
bend radius and the refractive index of the material surrounding the fibre.  
 
3.1.2 Lyot Fibre Filters 
A basic Lyot fibre filter can be constructed by placing a highly birefringent polarisation 
maintaining fibre between two polarisers with the fast axis of the fibre rotated 45 
degrees relative to the polariser axis. The wavelength dependent phase difference 
between the two axes of the PM fibre produces a sinusoidal wavelength-dependent filter 
transmission function [36]. The wavelength spacing of between two adjacent channels 
can be controlled by changing the length of the PM fibre, and thus dynamic wavelength 
tuning is impractical for Lyot fibre filters. 
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3.1.3 Dual-pass Mach-Zehnder interferometer comb filter 
 Dual-pass Mach-Zehnder (M-Z) interferometer comb filters have been used inside a 
fibre ring cavity to realise a fibre laser [36], [37]. The dual-pass M-Z interferometer is 
formed by concatenating together two output ports of a conventional (single-pass) M-Z 
interferometer [37]. As a transmission filter, the dual-pass M-Z interferometer has an 
advantage over the single-pass one. The high cavity loss encountered in single-pass 
configuration due to the energy leakage through the unused ports is overcome in this 
configuration. 
The transmission spectrum of a M-Z fibre interferometer is characterised by a series of 
equally spaced transmission peaks in the frequency domain. Thus the M-Z 
interferometer can be used as a comb filter. The wavelength spacing λΔ between the 
transmission peaks is given by 
LnΔ=Δ
2λλ      (3.1) 
where n is the effective refractive index of the laser mode, ΔL is the length difference 
between the M-Z arms, and λ  is the laser wavelength. Since filter tuning requires 
changing n or ΔL, the dual-pass M-Z filter cannot be arbitrarily tuned.  
 
3.1.4 Side-Polished Fibre Filters  
Fibre-to-planar waveguide (PWG) couplers have unique features, which include a 
strong wavelength and polarisation selectivity, low insertion loss, low back reflection, 
and good mechanical reliability [38]. 
A PWG coupler actually behaves as a band rejection filter, and modulation of the 
optical intensity at an operating wavelength or tuning of the resonance wavelength have 
been demonstrated through controlling the PWG parameters [38]. When the coupler has 
a sufficient tunable wavelength range, it can be used in various applications, such as a 
selective channel drop-filter for wavelength division multiplexing (WDM) and an active 
gain-flattening filter for an erbium-doped fibre amplifier. Yet, to obtain a widely tunable 
wavelength range, a large variation of optical parameters, such as the refractive index or 
thickness of the PWG overlay, is required [36]. 
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Thermo-optic effect of polymer PWG couplers has also been utilised to create a 
wideband tuning for the resonance wavelength [39]. This tunable filter structure consists 
of a side polished PM (PANDA) fibre and multimode PWG overlay in contact with a 
metal strip heater. A polarisation maintaining (PM) fibre is also employed with its fast 
axis accurately aligned with the boundary of the PWG, allowing one of the two stress-
applying parts to be polished away at the centre of the device. Resonant optical power 
coupling from the polished fibre side to the multimode PWG occurs when the phase-
matching condition is satisfied between the fibre mode and one of the PWG modes. 
Since the PWG and fibre have highly different dispersion relations, the phase-matching 
conditions are only met at certain wavelengths. Accordingly, an increase in the 
temperature of the fibre and polymer PWG contribute to a down-shift of the resonance 
wavelength for the coupler. However, the thermo-optic effect of a polymer PWG is a 
dominant factor in shifting the resonance wavelength because the polymers have one 
order of magnitude larger thermo-optic coefficient than that of silica. 
The performance of a side-polished fibre filter is usually evaluated in terms of their 
tunable wavelength range, full width at half maximum (FWHM), extinction ratio at 
resonance, polarisation characteristics, and insertion loss at off-resonance wavelengths. 
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3.2 Proposed Opto-VLSI-based Reconfigurable multiband 
Optical Filter 
In this section, the use of Opto-VLSI processors to realise reconfigurable multiband 
optical filtering is discussed. By partitioning the active window of an Opto-VLSI 
processor into non-overlapping pixel blocks, and mapping different wavebands into the 
various pixel blocks, independent beam processing can be performed, leading to 
dynamic wavelength attenuation. In this Section, we present an efficient procedure for 
generating the digital phase holograms necessary to achieve a target multiband filter 
response. A proof-of-principle 6-channel filter was demonstrated experimentally, which 
features 0.5nm 3-dB-bandwidth and wavelength tuning range from 1525nm to 1535nm. 
We also demonstrate the capability of the proposed filter to tune the transmittance of 
each channel independently using the beam steering capability of an Opto-VLSI 
processor. 
 
3.2.1 Filter Architecture 
The architecture of the Opto-VLSI based reconfigurable multiband optical filter is 
shown in Figure 3.2. It comprises an optical circulator, an integrated fibre collimator, a 
high-dispersion diffraction grating plate, an optical router, and an Opto-VLSI processor.  
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Figure 3.2.  Opto-VLSI based reconfigurable multiband optical filter. 
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The in-fibre input signal is routed by the optical circulator to a fibre collimator that 
converts it to a free-space collimated optical beam.  The high-dispersion diffraction 
grating maps the frequency components of the input signal onto various pixel blocks on 
the active window of the Opto-VLSI processor. An illustrative beam profile of the 
optical signal incident on the surface of the Opto-VLSI processor is shown in Figure 
3.2. Each wavelength band of centre wavelength λi is allocated a pixel block that is 
independently addressed to be either reflected back along its incident optical path and 
hence coupled into the fibre collimator with a minimum attenuation, or appropriately 
steered or reshaped, so that a fraction of its power is coupled back into the fibre 
collimator, leading to multiple wavebands of independently-controlled optical 
attenuation.  
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3.2.2 Coupling Model 
In this section, an expression is derived to predict the power loss due to coupling as a 
function of the variable grating period of the Opto-VLSI processor, q. The analysis is 
based on the gradient-index (GRIN) lens model whose performance is similar to that of 
a conventional spherical lens. Figure 3.3 shows rays of light passing through a 
conventional spherical lens and a GRIN lens. We can see that despite the physical 
difference between the two types of lenses, the GRIN lens focuses the light just as the 
spherical lens does, as shown in Figure 3.3(a). A spherical lens creates a path difference 
that bends light by having different material depth while keeping the refraction index 
uniform throughout the lens. The GRIN lens creates a path difference by varying the 
refractive index of the material instead of the physical length of the material.  The light 
rays are continuously bent within the lens until finally they are focused to a spot as 
shown in Figure 3.3(b). 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Figure 3.3.  Two types of lenses. (a) Conventional spherical lens and (b) gradient-index (GRIN) 
lens. 
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The coupling loss is a key issue for the design of both integrated-optic and fibre-optic 
components and subsystems involving free-space light interaction. A mode mismatch 
analysis has conventionally been used to predict the insertion loss resulting from 
coupling an in-fibre optical signal to an integrated-optic waveguide through gradient-
index (GRIN) lenses [40]. Free-space-based fibre-optic components such as isolators, 
circulators, attenuators, switches, and wavelength division multiplexers and 
demultiplexers [41], [42] frequently make use of single-mode fibre (SMF) collimators 
to couple light between fibres. The main advantage of these collimators is the 
acceptable coupling power loss for large separation distances. The coupling power loss 
is dependent on the distance between the input GRIN lens and the output GRIN lens and 
the misalignment of these lenses. There are three types of misalignment: separation 
misalignment, lateral offset, and angular tilt misalignment. Since the separation between 
the collimators in our system is fixed, the dominant sources of misalignment are the 
lateral offset and the angular tilt misalignment. A general formula that calculates the 
coupling loss of two multi-mode fibre collimators with these two sources of 
misalignment has been derived in [43].   
Since the fundamental mode propagating through a single-mode fibre (SMF) can be 
approximated as a Gaussian beam, a quarter-pitch GRIN lens that is directly connected 
to a SMF emits (by approximation) a Gaussian beam with its beam waist located on the 
exit face of the GRIN lens. Furthermore, there is often an air gap between the SMF and 
the GRIN lens and this is to prevent backreflection [44]. Another advantage of an air 
gap between the SMF and the GRIN lens is that the magnitude of the gap can be 
adjusted to set the location of the beam waist at a certain distance after the exit plane of 
the GRIN lens. 
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3.2.3 Basics of a Gradient-Index Lens 
The classic GRIN lens design uses a radial refractive-index variation to realise the rod 
lens effect. Specifically, this GRIN lens has a parabolic-shaped refractive index profile 
where this refractive index is expressed as  
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
2
1
2
0
Arnn      (3.2) 
where  is the refractive index at the centre of the GRIN lens, 0n A  is the gradient 
constant, and r is the distance to the central axis.  
In general, an SMF is not directly connected to the GRIN lens. Specifically, in a typical 
fibre collimator package there is a small air gap between the SMF and the GRIN lens 
(of the order of μ1 m), where this gap also prevents back-reflection. After the light has 
propagated through the gap, it is captured and collimated by the GRIN lens, finally 
travelling through the air again. Figure 3.4 shows schematically how the Gaussian beam 
propagates through the GRIN lens. The SMF in general is separated from the GRIN lens 
by distance L. The distance the beam travels after the GRIN lens is denoted as d. 
 
SMF 
GRIN lens 
Z
L wT
d
GRIN lens  
Figure 3.4.  Propagation of the Gaussian beam through a GRIN lens. wT is the beam waist. 
 
To determine the state of a Gaussian beam after it has passed through an optical system, 
e.g., a lens or a mirror, one can make use of ray matrices and the ABCD law [45]. If the 
gap between the end of the SMF and the GRIN lens has a length L, the ray matrix of this 
gap is given by [46] 
⎥⎦
⎤⎢⎣
⎡=
10
1 L
M gap      (3.3) 
Subsequently, the Gaussian beam will enter a GRIN lens. The ray matrix of the GRIN 
lens is given by [47] 
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Here Z is the length of the lens. The pitch of a GRIN lens is defined as 
π2
2/1ZAp =       (3.5) 
A quarter-pitch GRIN lens ( 25.0=p ) means that . A quarter-pitch GRIN 
lens will transform the light emitted by a point source at an edge of the lens into a 
parallel light beam at the other edge of the lens. However, in this section, we shall 
assume a non-quarter-pitch lens so as to generalise the analysis. 
2/2/1 π=ZA
 
Finally, after the light has left the GRIN lens, the Gaussian beam travels through the air 
again. The ray matrix is then similar to Eq. (3.3) and equals 
⎥⎦
⎤⎢⎣
⎡=
10
1 d
M gap     (3.6) 
where is the distance the Gaussian beam has travelled after the GRIN lens. d
If a fibre is directly coupled to a quarter-pitch GRIN lens, the beam waist would be 
found at the exit face of the GRIN lens as shown in Figure 3.5.  
 
The x  component of the electric field of the light wave at the exit face can be expressed 
as [45] 
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Where is the maximum electric field that is located at the origin ( ) and 1E 0=== zyx
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Figure 3.5.  SMF directly coupled to a quarter-pitch lens. The beam waist is located at the edge 
(called the exit face) of the GRIN lens. 
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Figure 3.6.  A general case in which the beam waist does not coincide with the edge of the 
GRIN lens. The beam waist is located at z = d1. 
 
Coming back to the general situation in which the GRIN lens is not a quarter-pitch lens 
and there would be a gap between the fibre and the GRIN lens. If it is assumed that the 
distance between the exit face of the GRIN lens 1 and the location of the beam waist of 
the Gaussian beam is equal to  as illustrated in Figure 3.6, then the coordinate frame 
is shifted a distance  to the left compared with the quarter-pitch setup (Figure 3.5). 
This frame is called coordinate frame 1. The shift implies that should be replaced by 
( ) in Eq (3.7), and the electric field in coordinate frame 1 can be rewritten as 
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A second GRIN lens has to be introduced to model the coupling loss in the 
reconfigurable optical filter setup. This lens is depicted as GRIN lens 2 as in Figure 3.7 
and will be able to capture only part of the light emitted by GRIN lens 1 whereas the 
remainder of the light power is lost. The magnitude of this coupling loss is determined 
by the overlap of the electric field of the beam produced by the GRIN lens 1 and the 
GRIN lens 2. In analogy with GRIN lens 1, the entrance face of GRIN lens 2 is placed 
at the origin of another coordinate frame, as shown in Figure 3.7. The new coordinates 
are distinguished with primes ( ) and are called coordinate frame 2. Analogously 
to the beam produced by GRIN lens 1, in coordinate frame 2 the x’ component of the 
',',' zyx
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electric field belonging to the beam equivalent of GRIN lens 2 in coordinate frame 2 
can be written as 
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where r’ represents the distance to the  axis. As mentioned above, the coupling loss 
depends on the overlap of the beam produced by GRIN lens 1 with the beam of GRIN 
lens 2, or the overlap of Eq. (3.12) with Eq. (3.13). The coupling coefficient 
z
cη at 0'=z  
takes the form [14] 
'')',','(),,(2 0''0'22
1
dydxzyxEzyxE
wE zxzxT
c ==∫∫ ×= πη   (3.14) 
If there is no loss, the coupling coefficient should be equal to unity. The magnitude of 
the coupling coefficient is dependent on the position of GRIN lens 1 relative to GRIN 
lens 2, or in other words, the position of the coordinate frame 1 relative to coordinate 
frame 2. This relative position is determined by the misalignment between the two 
lenses. The misalignments that concern us are lateral offset misalignment, and angular 
tilt misalignment and they are illustrated graphically in Figure 3.8(a) and (b) 
respectively.  
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Figure 3.7.  GRIN lens 2 in coordinate frame 2. The location of the beam waist is z’ = d1. 
 
Note that because the fundamental mode of the Gaussian beam is rotationally symmetric 
around its axis of propagation, it is neither necessary to distinguish a xθ (in the x, z 
plane) and a yθ  (in the y, z plane), nor to distinguish a lateral offset misalignment in the 
x and y directions. It can be shown that if there is no angular tilt misalignment, an 
expression for the loss as a function of the lateral offset can be found [48]. This loss, 
denoted as , can be written as offsetL
2
0offset
00offset )0,0()0,(
XA
XLXLL
=
==−== θθ
   (3.15) 
 47
Similarly, the influence of the angular tilt in the absence of lateral offset misalignment 
can be shown to be 
θ
θθ
2
tilt
00tilt
sin
)0,0(),0(
A
XLXLL
=
==−==
   (3.16) 
In our simple model we can only consider the loss due to tilting. This approximation is 
acceptable given that we are dealing with small angles in our analysis. Thus, adopting 
equation (3.16) to our case it becomes 
ydiscrepanc
2
tilttilt sin θAL =     (3.17) 
in which the semi-empirical value for the tilt coefficient  was determined to be 
dB for w
tiltA
61034.4 × T = 0.3 mm and λ =1550 nm [49] and ydiscrepancθ is the angular 
difference between the aligned angle alignedθ , and the steered angle steeredθ  with respect 
to the normal.  
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Figure 3.8.  Two types of misalignment: (a) lateral offset misalignment ( ), and  0x
(b) angular tilt misalignment (θ ). 
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3.2.4 Optical Loss Versus Steering Angle of the Opto-VLSI Processor  
Figure 3.9 illustrates the propagation of the WDM optical beams between the input and 
output ports of the Opto-VLSI-based reconfigurable multiband optical filter. The 
collimator converts the input signal into a collimated beam containing different 
wavelengths. The grating plate then separates and casts these wavelength components 
onto different regions on the Opto-VLSI processor window. Without any active steering 
from the processor, the incident wavelengths are, in general, reflected off the processor 
window. However, as discussed in Chapter 2, the Opto-VLSI processor is capable of 
steering an incident light to any angular direction, including the incident path (within its 
steering limit) in a quantised fashion. The objective of this Section is to analyse how the 
loss changes with the steering angle around the vicinity of the aligned angle i.e. the 
angle that will couple the light back into the collimator with maximum efficiency. We 
will investigate two scenarios. The first scenario relates to the case of small quantised 
angles (scenario A) and the second scenario corresponds to large quantised angles 
(scenario B). In Figure 3.9, scenarios A and B are illustrated by means of examples, 
with alignedθ  equal to 0.4934° and 2.4677°, respectively. 
 Figure 3.10 shows the simulation plots for scenario A whereas Figure 3.11 shows the 
simulation plots for scenario B. As expected, the loss-per-angle is higher for scenario B 
(q = 20). We also notice that there is asymmetry in the parabola curve and this is 
because the change in the steering angle is nonlinear with respect to q, as discussed in 
Chapter 2. 
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Figure 3.9.  Light path dynamics for the reconfigurable multiband optical filter. Scenario A takes 
place closer to the centre of the processor and it has a smaller return steering angle compared 
with scenario B. 
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Figure 3.10.  Loss variation for small quantised angle (Scenario A). 
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Figure 3.11.  Loss variation for large quantised angle (Scenario B). 
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 3.3 Experimental setup 
Figure 3.12 shows the proof of concept experimental setup for generating a multiband 
filter response using Opto-VLSI processing. The Opto-VLSI processor used in the 
experiment was a 1×4096 liquid crystal Opto-VLSI processor controlled by a computer 
via a dedicated ISA board. The output light from a broadband amplified spontaneous 
emission (ASE) source (HP 83438A) was used as an input signal. After passing through 
a polarisation controller and a circulator, the input optical signal was collimated at a 
1mm beam size and launched into a high dispersion grating (1200 lines/mm) that 
spreads different wavelength components of the broadband input optical beam along 
different spots on the surface of an Opto-VLSI processor. By driving the Opto-VLSI 
processor with appropriate steering phase holograms, the various wavelength 
components can be reflected back along, around, or away from their incidence paths, 
thereby realising low, medium, or high loss, respectively, and hence a multiband optical 
filter response. The multiband optical filter output spectrum characteristics, such as 
channel numbers, channel spacing, and passband transmittance can be reconfigured by 
simply partitioning the Opto-VLSI area into pixel blocks each optimised to realise the 
target multiband optical filter response. We have developed a computer algorithm using 
MATLAB® within the LabVIEW, which optimises the pixel block sizes and positions 
as well as the idle pixels between those pixel blocks. It was found that LabVIEW 
provides an excellent Graphical User Interface while MATLAB is efficient at the 
implementation of the algorithm and exploration of concepts.  
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Figure 3.12.  Setup schematic of reconfigurable multiband optical filter generation using Opto-
VLSI processor. 
 
The channel attenuation is accomplished by controlling the beam steering efficiency, 
e.g. by changing the width of the individual hologram or their voltage profiles. The 
capability of real-time wavelength-shifting is achieved by changing the position of the 
pixel blocks as well as the programmable grating periods thereby selecting specific 
wavelength components to be steered back into the launching collimator. This is 
possible because the wavelength components of the incident spectrum reside on 
different regions of the active window of the Opto-VLSI processor. 
Figure 3.13(a) shows the hologram that generates a 6-channel optical multiband optical 
filter response, which is shown in Figure 3.13(b). The setup configuration was such that 
the pixel blocks on the LHS of the series correspond to the higher wavelengths. This is 
because the higher the wavelength, the larger the diffraction angle of the collimated 
light beams incident on the grating plate according the general grating equation Eq. 
(2.2). The pixel blocks are labelled as PB. For example, the pixel block that corresponds 
to channel-1 is called PB-1, and so on. 
We can see that the channels 1 to 6 have uniform power output (within +/- 0.5dB) and 
that the filter rejection is at least 20 dB. The channel spacing is about 1.6nm and the 
3dB bandwidth is less than 0.5nm. As the parameters of the individual pixel blocks are 
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fully reconfigurable we can tune the power of any desired channel independently. 
Figure 3.14(a) shows that the PB-2 and PB-3 were reduced in size, and therefore we see 
that there is an increase in attenuation for channel 2 and 3 in figure 3.14(b) as less 
spectral power was being coupled into the collimator. As evidenced from Figure 3.14(b) 
we can see that the peak power of the wavebands can be set to the desired level to 
within +/- 0.5 dB while maintaining the required channel spacing. Figure 3.14(b) also 
verifies that changes made to one channel did not alter the properties of its neighbouring 
channels. Figure 3.15(b) shows a four-band response as a result of complete attenuation 
of channels 5 and 6, and this was accomplished simply by assigning constant phase 
changes to PB-5 and 6. For simplicity, the phase change in these pixel blocks were set 
to a constant value of zero, and hence they appear to be removed completely from the 
hologram array as shown in Figure 3.15(a). Figure 3.16(a) shows a different phase 
hologram which also generates a 6-channel multiband optical filter, but with channels 2 
and 3 being attenuated, and channel 6 shifted higher in wavelength, and the spectral 
outputs are as shown in Figure 3.16(b). The wavelength tuning of any given channel 
was also found to be stable and repeatable, and this is due to the non-mechanical nature 
of the Opto-VLSI processor as mentioned in the previous chapter. The shift in 
wavelength for channel-6 inevitably requires a change in the relative position of the 
pixel block and a new input variable period. This is because if the wavelength is to be 
shifted outwardly away from the centre of the Opto-VLSI processor active window, 
then a smaller electronic grating period which corresponds to a larger steering angle is 
needed. This is because the angle of reflection of the waveband off the surface of the 
Opto-VLSI processor gets larger towards the outer edges of the processor. The increase 
in the reflection angle of the incident waveband on the processor is also illustrated in the 
setup diagram (Figure 3.12). Figure 3.17(b) shows essentially similar filtering scenario 
as in Figure 3.14(b) except channel 2 was attenuated further from a relative optical 
power of 22 dB down to 10 dB and this required a reduction in the pixel block size PB-
2 [Figure 3.17(a)] and in some cases, a slight change in the centre position of the pixel 
block and the variable grating period, q. Figure 3.18(b) shows a 7-band filter response 
with all the powers equalised to the 20dB level with fluctuation of +/-0.25 dB. The 
corresponding phase hologram is shown in Figure 3.18(a). The power ceiling had to be 
brought downward to 20dB because the maximum achievable power for band 7 after 
phase optimisation was 20dB above the unmodulated signal level. 
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(b)  
Figure 3.13.  (a) Phase hologram for uniform 6-band filter synthesis. (b) Uniform 6 channel filter 
spectral response. 
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(b)  
Figure 3.14.  (a) Phase hologram for nonuniform 6-band filter synthesis. (b) Spectral response 
with channels 2 and 3 being attenuated. 
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(b)  
Figure 3.15.  (a) Phase hologram for uniform 6-band filter synthesis. (b) Spectral response with 
channels 5 and 6 being attenuated completely. 
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(b). 
Figure 3.16.  (a) Phase hologram for 6-band filter synthesis. (b) Spectral response (solid curve) 
when channels 2 and 3 are evenly attenuated by 3dB while channel 6 was shifted higher in 
wavelength. 
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(b)  
Figure 3.17.  (a) Phase hologram for uniform 6-band filter synthesis. (b) Spectral response 
when channels 2 and 3 being attenuated by 12 and 3 dB respectively, while channel 6 was 
shifted in wavelength. 
 59
  
(a) 
0
5
10
15
20
25
1524 1526 1528 1530 1532 1534 1536
Wavelength (nm)
R
el
at
iv
e 
op
tic
al
 p
ow
er
 (d
B
)
 
(b) 
Figure 3.18.  (a) Phase hologram for uniform 7-band filter synthesis. (b) Uniform 7-band filter 
spectral response. 
 
3.4 Conclusions 
In this Chapter, we have reviewed some of the multiband optical filter structures and 
proposed an Opto-VLSI based reconfigurable multiband optical filter structure that can 
simultaneously tune the centre wavelength of each synthesised band and independently 
attenuate the response of each band. We have developed a simple coupling theory that 
predicts the attenuation changes with the coupling angle, which is of particular 
importance in the case of quantised beam steering. We have also demonstrated the 
principle of the proposed reconfigurable multiband optical filter by showing different 
multiband filter responses synthesised by driving the Opto VLSI processor with 
optimised phase holograms. 
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CHAPTER 4 
OPTO-VLSI BASED TUNABLE OPTICAL NOTCH 
FILTER 
In this Chapter, we discuss a new approach that realises a reconfigurable optical notch 
filter using 1-D Opto-VLSI processing. This approach is based on partitioning an Opto-
VLSI processor into a large number of pixel blocks and optimising the overlapping 
between the individual responses of these pixel blocks to realise a target notch filter 
response. We also experimentally demonstrate the principle of the notch filter by 
synthesising different notch optical filter responses.  
 
4.1 Introduction 
The combination of Erbium-Doped Fibre Amplifiers (EDFAs) and wavelength-division 
multiplexing (WDM) offers a dramatic increase in the system capacity for ultra-long 
distance transmission and for local and wide-area networks [50]-[52]. However, one key 
difficulty in implementing such a system is that the EDFA gain is not uniform with 
wavelength, especially when incorporating cascades of amplifiers for which a gain peak 
appears at about 1560 nm [53], [54]. Passive gain equalisation schemes can provide 
performance improvement for a static link but are not satisfactory for a dynamically 
reconfigurable network [50], [55]; even an iterative telemetry solution is only practical 
for a dynamic point-to-point link [56]. This is because (i) the individual channel powers 
may vary significantly due to the dynamic and distributed characteristics of a WDM 
network, and (ii) the EDFA gain non-uniformity varies with dynamic input load. 
Considerable efforts have been devoted to the realisation of gain-flattened erbium-
doped fibre amplifiers (EDFAs) over a wide spectral range for large-capacity 
wavelength-division-multiplexed (WDM) optical communication systems. As a result, 
the usable gain bandwidth of EDFAs has been increased significantly over the past few 
years with the help of new glass compositions [57] and/or gain flattening filters [58].  
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Furthermore, an active control to maintain a fixed population inversion level utilizing an 
optoelectronic feedback loop or an all-optical feedback loop made it possible to 
maintain the gain flatness even when the input signal parameters change. However, 
most of the gain flattened EDFAs demonstrated so far produce the flat gain 
characteristics only for a predetermined gain level, and show undesirable gain tilt when 
the gain level changes [59], [60].  
A complex filter profile is required to flatten an uneven EDFA gain, which exhibits 
large peaks with different widths around 1530 and 1560 nm. An adaptive EDFA which 
can maintain the optimum gain flatness over a broad optical bandwidth and a wide 
range of gain levels, is highly desirable in WDM systems to cope with the changes in 
operating conditions due to, for example, link loss change, pump deterioration, channel 
add/drop, and network reconfigurations. 
A dynamic wavelength equaliser is a device with a chromatically variable transmissivity 
used to control the channel powers in WDM fibre-optic communications lines. Among 
the potential technologies that can be used for tunable wavelength equaliser are: 
1. Mechanical tunable filters 
2. Acoustooptic based tunable filters and 
3. Fabry Perot Filters with Piezoelectric Cavity  
We will briefly explore the performances of these tunable filter technologies and discuss 
the use of the Opto-VLSI technology for realising notch optical filter responses. 
 
4.1.1 Mechanical Tunable Filters 
The MEMS approach used to implement dynamic gain equaliser is a continuous array 
of “mechanical antireflection switches (MARS)” [61]. The typical structure of a MARS, 
shown in Figure 4.1, is basically a quarter-wave stack-based dielectric antireflection 
coating suspended above a silicon substrate. A  with appropriate optical thickness, 
separated from the silicon substrate by a fixed spacer, acts as a dielectric mirror with 
about 70% reflectivity. Voltage applied to electrodes on top of the membrane creates an 
electrostatic force and pulls the membrane closer to the substrate, while membrane 
tension provides a linear restoring force. When the membrane gap is reduced to λ/2, the 
layer becomes an antireflection coating with close to zero reflectivity. 
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The mechanical resonance frequency of such devices is of the order of 1 or several 
megahertz. Their optical response ranges from 0.1 to 10 μs, depending on the surface 
geometry and material parameters. Mechanically, the device moves by elastic 
deformation, similar to a tuning fork. Electrically, the device behaves as a tiny 
capacitor, with zero static power dissipation regardless of reflectivity state.  
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λ4/3
0V
 
Silicon nitride 
layer 
Figure 4.1.  Concept of light modulation using the concept of MARS 
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4.1.2. Acousto-optic Tunable Filters 
In acousto-optic filters, a grating is formed dynamically by using acoustic waves [62]. 
The physical mechanism behind the operation of acousto-optic filters is the photoelastic 
effect through which an acoustic wave propagating through an acousto-optic material 
crates periodic changes in the refractive index (corresponding to the regions of local 
compression and rarefaction). In effect, the acoustic wave creates a periodic index 
grating that can diffract an optical beam. The wavelength selectivity stems from this 
acoustically induced grating. When a transverse electric field (TE) wave with the 
propagation vector k is diffracted from this grating, its polarisation can be changed from 
TE to transverse magnetic (TM) if the phase-matching condition k’ = k +/- Ka is 
satisfied, where  k’ and Ka are the wave vectors associated with the TM and acoustic 
waves, respectively. 
Acousto-optic tunable filters can be made by using bulk components as well as 
waveguides, and both kinds are available commercially. For WDM applications, the 
LiNbO3 waveguide technology is often used, as shown in Figure 4.2, since it can 
produce compact acousto-optic filters with a bandwidth of about 1 nm and a tuning 
range over 100 nm [63]. Tuning is relatively fast because of its electronic nature and can 
be accomplished in a switching time of less than 10 μ s. Acousto-optic tunable filters 
are also suitable for wavelength routing and optical cross-connect applications in dense 
WDM systems. However, the major disadvantage is the difficulty to integrate it with 
electro-optic circuits [6]. 
LiNbO3 wave guides
Acoustic wave
 
Figure 4.2.  Acousto-optic tunable filter. The dotted line represents the acoustic wave. 
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4.1.3 Fabry Perot Filters with Piezoelectric Cavity  
A Fabry-perot interferometer is essentially an optical cavity similar to those used as 
laser resonators, but without the laser medium inside [64]. It consists of two partially 
transparent mirrors aligned parallel to each other, so that light can bounce back and 
forth between them. It can function as a tunable optical filter if the cavity length is 
controlled electronically by using a piezoelectric transducer. However, the challenge is 
to select multiple wavelengths simultaneously as in the case of tunable notch filter. 
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4.2 Opto-VLSI-based Tunable Optical Notch Filter
This section focuses on the realisation of the proposed Opto-VLSI-based tunable optical 
notch filter. A theory was developed which predicts the optimum steering phase 
hologram of the Opto-VLSI processor that synthesises a target notch filter response. We 
also experimentally confirm the theory by synthesising different notch filter responses 
that are important for many applications such as EDFA gain equaliser.  
 
4.2.1 Tunable optical filter architecture 
The tunable notch filter has a similar architecture as for the reconfigurable multi-band 
optical filter, which is shown in Figure 4.4. The diffraction grating maps the different 
wavebands of the collimated input optical signal onto different pixel blocks on the 
active area of the Opto-VLSI processor.  
To realise a notch filter response, it is important that passband outside the notch band is 
flat. This is more difficult to achieve in comparison to multi-band optical filtering, 
because the synthesis of a flat passband characteristics requires optimisation of the 
positions of the pixel blocks as well as the overlap between the responses of adjacent 
pixel blocks to maintain low passband ripples.  
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Figure 4.4.  Reconfigurable optical notch filter architecture. The pixels are partitioned into pixel 
blocks; each has a different phase hologram that steers incident wavebands from λcentral to λN 
back into the collimator. 
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4.2.2 Theory 
Here we explain how a notch filter with arbitrary structure can be realised using an 
Opto-VLSI processor. Figure 4.5 illustrates the concept of partitioning the active 
window of the Opto-VLSI processor into different pixel blocks (PB), namely PB-1, PB-
3, and PB-5, each optimised to generate a bandpass filter response as presented in 
Chapter 3. This series of holograms gives rise to an overall spectral response of three 
distinct wavebands, namely 1’, 2’ and 3’, when a broadband light source illuminates the 
active window of the Opto-VLSI processor. 
We know that new wavebands can be created if additional pixel blocks with correct 
holograms are added to the series. Therefore if we generate PB-2 and PB-4 
electronically and upload them to the processor such that they are positioned in between 
PB-1, PB-3 and PB-5 as shown in Figure 4.6, then new wavebands 2’and 3’ are created. 
If the spacing and the amplitudes of these wavebands are optimised, a flat optical filter 
response can be synthesised, as illustrated in Figure 4.6. In general, if the active window 
of the Opto-VLSI processor is partitioned into an array of closely spaced pixel blocks, 
each controlled independently, an arbitrary spectral response can be synthesised within 
the wavelength span that is set by the maximum steering angle of the Opto-VLSI 
processor and the dispersion of the grating.  
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Figure 4.5.  Pixel block configuration for reconfigurable comb filter. 
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Figure 4.6.  Pixel block configuration for tunable notch filter. 
 
4.2.3 Experimental results 
Some modifications were made to the LabVIEW™ program developed previously for 
the multiband optical filter response as the notch filter would demand a far greater 
number of pixel block channels than the multiband filter. The modified program 
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allowed the user to create as many input channels as required, and each modular 
channel had independent control over its pixel block in terms of position, block width 
and voltage profile. A screen shot of the LabVIEW program is as shown in Figure 4.7. 
The default (or initial) phase hologram used for the real-time optimisation procedure 
was a blazed grating. The steered wavebands were coupled into the fibre and routed via 
the circulator to the output port and monitored by an optical spectrum analyser (OSA). 
The first part of the experiment focused on the generation of a flat passband filter. 
Multiple independent holograms with different widths and periods were optimised in 
real-time to synthesise a flat passband response with 7 nm bandwidth and a ripple level 
of less than 1 dB. This is shown in Figure 4.8(b) as graph H1 for which a corresponding 
hologram is shown in Figure 4.8(a). The limited bandwidth was due to the limited active 
area of the Opto-VLSI processor, which was around 6 mm. It was found that the width 
of a pixel block influenced the reflected power coupled into the fibre collimator and 
hence controlled the attenuation of the waveband associated with that pixel block. It was 
also found that the position of the pixel block relative to the centre of the associated 
waveband affected the bandwidth and sidelobes of the coupled wavebands. Note that, a 
broader tuning wavelength span can be achieved by using an Opto-VLSI processor with 
wider active window or diffraction grating with lower groove frequency instead of the 
1200 line-per-mm grating plate used in the experiments. 
The second part of the experiments concentrated on the demonstration of a 
reconfigurable notch filter response. A transmission notch was inserted at 1529.5 nm 
and was attenuated by 10, 15 and 20 dB with respect to the passband level while 
keeping the ripple level to within 1 dB, as shown in Figure 4.8(b), where graphs are 
labelled according to their corresponding phase holograms H2 to H4  that are shown in 
Figure 4.8(a). It is obvious from Figs. 4.8(a) and (b) that the notch depth can be 
controlled by changing the phase profile of a small pixel group (highlighted in Figure 
4.8(a)) while keeping the rest of the hologram unchanged. Since the passband was 
constructed by a series of independent phase holograms, it was also possible to have the 
notch centred at any wavelength (within the passband limit) with arbitrary notch 
bandwidth and depth, as shown in Figure 4.9(b), with the corresponding phase 
hologram H5 shown in Figure 4.9(a). Also highlighted for comparison is the hologram 
H1 that was used to generate the flat passband response. Figs. 4.10(a) and (b) show the 
holograms that generate flat notch responses of bandwidth 2 nm centred around 1531.5 
nm. The flat notch depth could be varied from 3 dB to 8 dB simply by adjusting the 
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input phase hologram of the pixel blocks corresponding to the flat notch region [Figure 
4.10(a)]. This validates the potential of Opto-VLSI technology to generate arbitrary 
optical notch filter responses. 
 
Modular channel 
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Figure 4.7.  The LabVIEW software used to create the pixel blocks and upload them in the form 
of 1D image to the Opto-VLSI Processor. 
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Figure 4.8.  (a) Holograms in the form of 1-D digital image for the flat-passband and the various 
notch filter responses; H1: Hologram for the flat passband, H2: Hologram for the notch filter with 
10 dB attenuation, H3: Hologram for the notch filter with 15 dB attenuation, and H4: Hologram for 
the notch filter with 20 dB attenuation. (b) Various filter responses that correspond to input 
hologram from H1 to H4. The notches are centred around 1529.5 nm. 
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Figure 4.9.  (a) H5: Hologram used to generate the 10 dB notch filter centred at 1528.1 nm. 
Changes in the hologram relative to H1 are highlighted. (b) 10 dB-deep notch filter response 
centred at 1528.1 nm generated using hologram H5. 
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Figure 4.10.  (a) Holograms used to generate the flat notch responses. Hologram H1 is included 
for comparison. H6: Hologram for the flat notch with 3 dB attenuation and a 3-dB bandwidth of 2 
nm, and H7: Hologram for the flat notch with about 8 dB attenuation and a 3-dB bandwidth of 1.5 
nm. (b) The flat notch response with variable attenuation generated using hologram H6 and H7. 
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4.3 Conclusions 
We have demonstrated a reconfigurable optical notch filter using a 1-D Opto-VLSI 
processor that is partitioned into a large number of pixel blocks. The positions and 
phase holograms of these pixel blocks have been optimised to synthesise different notch 
responses with passbands of less than 1 dB ripples. The ability to control the bandwidth, 
central wavelength and depth of the notch filter had also been demonstrated. The 
LabVIEW interface developed for synthesising notch filter responses can also be used 
for the Reconfigurable-Optical-Add-Drop Multiplexer (ROADM) demonstrator, which 
will be presented in the following Chapter.  
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CHAPTER 5 
RECONFIGURABLE OPTICAL ADD-DROP 
MULTIPLEXER (ROADM) 
In this Chapter we discuss the use an Opto-VLSI processor for the realisation of a 
reconfigurable optical add-drop multiplexer (ROADM) - a key component that enables 
adaptive wavelength add and drop operations at each optical network node, thus 
allowing for network upgrades without affecting in-service traffic. We perform a 
detailed analysis that predicts and optimises the performance of a ROADM system. We 
also demonstrate the principle of a 6-channel ROADM and measure key parameters, 
such as the loss, interchannel crosstalk and interport isolation.  
 
5.1. Opto-VLSI based ROADM architecture 
A schematic setup to realise a ROADM using Opto-VLSI processor is shown in Figure 
5.1. The input wavelengths launched at the input port are routed, through a circulator, to 
a fiber collimator that converts the WDM signal into a collimated optical beam, which 
is demultiplexed by a dispersive grating. This causes different wavelengths to be 
mapped onto different regions on the Opto-VLSI active window. Depending on the 
hologram loaded into the Opto-VLSI processor, each wavelength can either be steered 
to the Thru-port, or directed to the Drop-port for drop operation. As an illustrative 
example shown in Figure 5.1, where only the wavelength λ1 is steered to the Drop-port 
while the other channels are steered to the Thru-port. If the same wavelength λ1* 
(carrying different data) is launched into the Add-port, it follows the same optical path 
of the dropped wavelength but in opposite direction, and hence it is coupled into the 
Thru-port and multiplexed with the WDM channels. 
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(a)         (b) 
Figure 5.1.  ROADM Structure (a) Schematic and (b) Real experimental setup. 
 
5.2 ROADM: System Analysis and Simulation 
The theoretical analysis of the proposed Opto-VLSI processor-based ROADM system 
will be presented in this section. We will study the general characteristics of the 
ROADM system, the maximum number of channels it can accommodate and other 
essential system parameters such as grating-to-processor distance. The simulation work 
can be divided into two parts. The first part focuses on the maximum number of optical 
channels a processor can accommodate and shows how the number of channels changes 
with the properties of the Opto-VLSI processor such as the width of the active window 
and the maximum steering angle. The second part of the theoretical analysis involves a 
graphical simulation which explores the dynamics of the beams and shows how they 
change with parameters such as the input wavelength and the variable grating period of 
the Opto-VLSI processor.  
 
5.2.1 Simulation Part I: Maximum Number of Accommodable Optical Channels 
An analysis was performed to study the characteristics of two different ROADM 
systems and particularly the maximum number of accommodable channels as shown in 
Figure 5.2. The first system involved an Opto-VLSI processor of infinite active window 
area, whereas in the second system a limit to the window area was introduced and its 
impact on the maximum channel number as a function of input beam size was 
investigated. In Figure 5.2, a series of discrete wavebands ranging from 1λ  to Nλ  are 
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launched into the fibre collimator, and the grating plate disperses the incident 
wavebands along different directions and maps them onto different regions on the active 
window of the Opto-VLSI processor. The angle maxθ  is the maximum steering angle of 
the Opto-VLSI processor, and the wavelength corresponding to this angle is the lower 
wavelength limit 1λ . The diffracted beams are intercepted at a distance x  from the 
collimator by the active window of the processor. 
 
5.2.1.1 Active Window with Infinite Width 
System Design requirement:
Collimator-to-processor distance = Half Raleigh distance
Transmissive 
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Light beam cone
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Figure 5.2.  Simple ROADM model with Opto-VLSI processor of infinite active window width. 
 
From Figure 5.2, we can see that 
x
δθ =maxtan      (5.1) 
Rearranging equation (5.1), we have  
⎟⎠
⎞⎜⎝
⎛=
2
tan max
θδ x     (5.2) 
We recall that a collimated beam radius at a distance x  from a collimator is given by  
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We can see from equation (5.3) that for large input beam radius,  is approximately 
proportional to  if all other parameters in equation (5.3) are constant, that is 
w
0w
0ww ∝      (5.4) 
Recall also that Raleigh distance of a collimated Gaussian beam is 
λ
π 20wxR =
     (5.5) 
In the ROADM system design we require that the collimator-to-processor distance be 
half the Raleigh distance in order to maintain acceptable coupling efficiency, that is 
2
Rxx =      (5.6) 
Or substituting equation (5.5) into (5.6) we have 
⎟⎠
⎞⎜⎝
⎛=
2
tan
2
max
2
0 θ
λ
πδ w      (5.7) 
From equation (5.7) we can see that the distance δ is proportional to the input beam 
radius if the input wavelength and the maximum steering angle 0w maxθ  remain 
unchanged, that is 
2
0w∝δ      (5.8) 
1550 nm 1552 
nm
Light beams
w w w
1550 nm 1552 nm
 
Figure 5.3.  Light beams incident on the active window of the Opto-VLSI processor and the 
required separation. The wavelengths 1550 nm and 1552 nm are included for illustration. w3
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Channel crosstalk occurs when two channel beams overlap. We therefore define the 
required spacing between neighbouring beams to be , as shown in Figure 5.3.  w3
Therefore, the total number of channels accommodable is 
2
3
channelsofNumber ×=
w
δ
     (5.9) 
From expressions (5.3) and (5.7) for andw δ respectively, we can deduce that 
⎥⎥⎦
⎤
⎢⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛+
⎟⎠
⎞⎜⎝
⎛
=
2
0
max
0
16
2
tan
channelsofNumber
w
x
w
π
λλ
θπ
    (5.10) 
0 channelsofNumber w∝⇒      (5.11) 
In other words, when the Opto-VLSI processor has an infinite area, the maximum 
number of channels accommodated within the region of width δ  is approximately 
proportional to the input beam diameter (or beam radius) for a large beam diameter such 
that the Raleigh range, which depends on the beam radius λ
π 202 wxR >>  as shown in 
Figure 5.4. 
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(a)       (b) 
Figure 5.4.  Illustration of how the beam diameter changes with input beam diameter at a 
distance of 14 cm away from the collimator. (a) Close-up view: The variation in w as a function 
of input beam diameter 2w is quadratic-like for small beam diameter. (b) The variation in beam 
size is almost linear for large beam diameter. For all theoretical cases considered so far, the 
optimum beam size happens in the ‘linear’ region and therefore is not affected by non-linearity. 
 
5.2.1.2 Active Window with Finite Width 
Now let’s consider the second case when the Opto-VLSI processor has finite active 
window width L2 as illustrated in Figure 5.5. We can see that for distance less than 
position 1, δ is non-limiting as in the first case, and thus 
2
3
channelsofNumber ×=
w
δ     (5.12) 
For a distance greater than position 1 however, we find that 
L== maxδδ      (5.13) 
80 
 Diffraction 
Grating plate
Active window
max5.0 θ
Collimator
L L
Opto-VLSI 
processor at 
position 1
Opto-VLSI 
processor at 
position 2
L=δL== maxδδ
 
Figure 5.5.  Scenario when the Opto-VLSI processor has finite active window width. 
Thus, in this region we have 
2
3
channelsofNumber ×=
w
L     (5.14) 
And because L is a constant and 0ww ∝ , 
  
0
1channelsofNumber
w
∝     (5.15) 
In other words, the model predicts that for a practical processor with a finite window 
width the total number of channels accommodated increases linearly with the beam 
waist radius until 0w δ2 equals to the window width, and beyond that point onwards, 
the number of channels actually starts to drop, and this is because the available incident 
area width (δ ) is now a constant, whereas the  separation keeps increasing in an 
almost linear fashion. Therefore, the maximum number of channels begins to drop off 
inversely with  beyond position 1. The qualitative change in the number of channels 
as function of is as shown in Figure 5.6.  In all cases, the collimator-to-processor 
distance (
w3
0w
0w
x ) is set to be half the Raleigh distance ( ) for the given input beam radius. Rx
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Figure 5.6.  A qualitative relationship between the maximum number of channels and the input 
beam radius .  0w
The optimum input beam radius  for a given Opto-VLSI processor active width 
area of 
)(0 optw
L2  can also be found by rearranging equation 5.7, after which we get  
Lw opt
2/1
)(0 )5.0tan(
2 ⎟⎟⎠
⎞
⎜⎜⎝
⎛= θπ
λ     (5.16) 
Equation 5.16 suggests that for a 1-D Opto-VLSI processor, the optimum input beam 
radius should increase as a function of square-root with the window width L. Figures 
5.7(a) and (b) show the variation in the maximum number of channels as a function of 
beam diameter for active window widths of 6 mm and 10 mm respectively, while the 
steering range of the Opto-VLSI processor is kept at a constant value of 2.74 degrees for 
both cases. These simulation results are in good agreement with theory discussed above, 
which predicts that the maximum number of channels should increase almost linearly 
with δ .  
The maximum number of 3w-spaced channels an Opto-VLSI processor can 
accommodate within a finite window area can be found by combining equation 5.7 with 
equation 5.16. Figures 5.8(a) and (b) show the variation of the maximum number of 
channels with the active window width, while Figure 5.8(b) shows the corresponding 
input beam diameter that will result in the maximum channel numbers for a steering 
range of 2.74 degrees. Table 5.1 gives important system information required to design 
the ROADM system. For example, it predicts that in the case of the 1-D Opto-VLSI 
processor we are investigating (which has 6 mm window width) can accommodate a 
maximum of 5 channels with beam diameter of 0.74 mm and the Opto-VLSI processor 
to collimator distance of 14 cm. 
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(a)         (b) 
Figure 5.7.  Variation in the maximum number of channels with the beam diameter for active 
window width of (a) 6mm and (b) 10mm. 
 
 
(a)         (b) 
Figure 5.8.  (a) Variation of the maximum number of channels with the active window width;  
(b) Variation of the optimised beam diameter with the active window width. 
83 
 Table 5.1.  Active window width and the corresponding number of signal channels with 
a spatial separation.  w3
Active 
window 
width 
(mm) 
Maximum 
number of 
channels 
Optimised beam 
diameter 
(mm) 
OPTO-VLSI - 
collimator 
distance 
(cm) 
6 5 0.74 14 
10 6 0.91 21 
20 9 1.3 43 
 
5.2.1.3 Discussion 
A simulation study has been carried out to determine the theoretical maximum number 
of beams which an Opto-VLSI processor with a finite window width can support. 
Theoretical results suggest that our current 1-D processor with a window width of 6 mm 
can accommodate a total of 5 beams with a  spatial separation between them. w3
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5.2.2 Simulation Part II: Light Beam Dynamics 
This section models the light beam dynamics of the Opto-VLSI-based ROADM. Figure 
5.9 shows the schematics of the setup. The purpose of the simulation is to study the 
behaviour of the various beams as the Opto-VLSI processor is driven with gratings of 
various periods. 
Opto-VLSI
processor
Grating 
plateThru-port (collimator A)
λn
λ1
λ2
Drop-port (collimator B)
 
Figure 5.9.  ROADM based on Opto-VLSI processor. 
 
Figure 5.10 shows a graphical-based simulation which was developed in the LabVIEW 
environment using the grating equation which also applies to the steering angle of the 
Opto-VLSI processor. The simulation was used to help with visualisation and 
exploration of the diffraction beams system and to determine the best system 
configuration before prototyping the real system. The grating equation as first appeared 
in Chapter 2 is 
⎥⎦
⎤⎢⎣
⎡ −Λ=
− )sin(sin 1 αλθ o      (5.17) 
where θ  is the beam steering angle, 0λ is the incident wavelength in free space, α is the 
angle of incidence, and Λ is the grating’s period. 
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 Figure 5.10.  A screenshot of the graphical simulation program written in LabVIEW. 
The simulation enables the examination of the steering angles and the characteristics of 
various beams which could otherwise be perplexing, especially if a refractive grating is 
used instead of a transmissive grating as in our case. It also allows visualizing the 
position of the ‘dropped’ beams when the wavelength or the steering angle of the Opto-
processor is changed, and finding the lower and the upper wavelengths that can be 
coupled back into the desired port (collimator) efficiently, given the capabilities of the 
selected Opto-VLSI processor.  
The simulation algorithm was designed to allow the user to adjust the following 
parameters: 
The input wavelength, λ  
The pitch of the grating plate (e.g. 600 or 1200 lines-per-mm) 
The steering angle of the Opto-VLSI processor (and whether the processor is switched 
‘on’ or ‘off’) 
 
The simulation results show that the collimator angle γ  has to be increased 
progressively as the Drop-port is displaced away from the Thru-port in order to 
maintain the required optical coupling. The angle γ  will have a value of 0° if the 
position of the Drop-port coincides with the Thru-port’s, which is consistent with 
observation. Furthermore, the variation in angle γ  exhibits mirror symmetry about the 
vertical line of the Thru-port as illustrated in Figure 5.11.  
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The simulation results also suggest that if we increase the spatial separation between the 
Drop-port and the Thru-port, then we can expect to achieve a higher interport isolation. 
However, if we refer to Figure 5.12, we will find that the close proximity between the 
collimators gives a larger number of channels for the same steering angle limit of the 
processor. Figure 5.12 (a) shows the close proximity configuration and that it can hold a 
total of 10 beam channels. If we now examine the Figure 5.12(b), we will find that the 
far proximity configuration holds only 7 channels for the same maximum steering limit 
of the processor. We define the maximum steering angle limit of the processor as the 
angle at which the reduction in the steering efficiency is still acceptable, that is, the 
relative channel peak power detected is at least 20 dB above the detected power level 
generated by the unmodulated broadband source spectrum. We empirically determined 
the minimum grating period to be 32.4 µm which corresponds to a maximum steering 
angle of 2.74° for pixel pitch (d) of 1.8 µm and wavelength 1550 nm in order to achieve 
a minimum relative power of 20 dB. We thus opted for the far proximity configuration 
for the ROADM demonstration as it offers higher interport isolation. 
-3° -0.5° 0° +0.5° +3°
Thru-port
Drop-port position relative to the 
Thru-port’s
γ
Converging 
point
H
Drop-port
 
Figure 5.11.  The alignment of the drop port with respect to the position of the Thru-port at 
various locations along the line H. The angular values are included for illustrative purposes only. 
In general, the vertical lines of the Thru-port and the Drop-port will always make a converging 
angle in front of the collimator pair. 
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(a) 
(b) 
Figure 5.12.  Two possible add-drop port configurations (a) close proximity and (b) far 
proximity. The far proximity configuration is chosen because it gives higher interport isolation. 
Notice that however, the close proximity configuration accommodates a greater number of 
channels (a total of ten beams) for a given steering range of the Opto-VLSI processor. 
 
In summary, the LabVIEW graphical simulation program that has been developed to aid 
ROADM system design and visualization will be adopted for the ROADM system 
prototyping. It was found, both theoretically and experimentally, that a far proximity 
configuration offers greater interport isolation. 
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5.3 The Alignment Procedure 
The following steps were implemented in order to align the light beam system such that 
the wavebands from the Thru-port (collimator A) can be directed into the Drop-port 
(collimator B) with minimal loss and vice versa: 
A spectral component, e.g. 1550 nm, was launched from port-A (let’s call it beam-A) 
towards the Opto-VLSI processor and fine adjustments were made via the alignment 
stages so as to couple the spectral component 1550 nm back into port-A with the highest 
possible coupling efficiency.  
Next, the same spectral component 1550 nm was launched from port-B (let’s term it 
beam-B) towards the Opto-VLSI processor and fine alignments of the collimator-B 
were again made to couple the light back into collimator-B with the highest coupling 
efficiency (figure 5.13).  
Steps 1 and 2 ensured that the trajectories of beam-A and beam-B were parallel to each 
other. This is because the same waveband will always be diffracted to the same angular 
position, either after passing through the fixed grating plate or the Opto-VLSI processor 
as shown in Figure 5.13. 
Now, a new waveband e.g. at =λ 1570nm was launched from the port-A and was 
steered towards the port-B by driving the Opto-VLSI processor with the appropriate 
hologram. It was then translated as close as possible to the centre of the aperture of 
collimator-B and this was done by adjusting only the vertical and horizontal translations 
of collimator-B, and not the tilting angles (Figure 5.14).  
From the graphical simulation model presented previously, we know that path-a and 
path-b should cross at a converging point at the front of the collimator pair as shown in 
Figure 5.14. Therefore, collimator-B is tilted horizontally in the converging direction 
relative to collimator-A, and the tilting towards the converging angle should allow an 
increase in the coupling efficiency at port-B to be observed. Fine alignment could then 
be made to achieve the best possible coupling efficiency. The optical system was now 
aligned. 
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1550 nm
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Figure 5.13.  This setup ensures that the two light beam trajectories launched from port-A and 
B are practically parallel to each other. 
 
 
A      B          B’
1550 nm
1570 nm
Opto-VLSI
processor
Grating plate
Path-a
Path-b
 
Figure 5.14.  To make angular alignment, first translate port-B horizontally and vertically until 
the beam of =λ 1570 nm is incident at the centre of the collimator-B. Then rotate collimator-B 
in the converging direction relative to collimator-A until the maximum optical power is measured 
at collimator-B using the OSA. 
 
The wavelength used to align the ROADM system in step 1 would be the lower 
wavelength limit, and the wavelength used for alignment in step 3 would be the upper 
wavelength limit for the far proximity configuration. 
The Opto-VLSI processor would also have to be aligned to ensure that all the 
wavebands can be coupled efficiently into both the Thru-port and the Drop-port. Figure 
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5.15(a) shows the reason why such alignment is necessary. The following steps were 
implemented for achieving the optimum coupling: 
For a given angle between the ports (established previously), the upper and lower 
wavelengths (e.g. 1λ = 1545 nm and 2λ =1575 nm) were launched into the Thru-port and 
the Drop-port. 
The line of intersection of the beam paths was located with the help of the near-IR 
sensor card. 
The Opto-VLSI processor was positioned along this line of intersection, facing the 
grating plate. 
 
5.3.2 Additional Details 
The images on the sensor card shown in Figure 5.15(b) are the beam spots of 
wavelength 1545 nm launched from both collimator ports simultaneously. They were 
deliberately displaced vertically, so that their relative horizontal position could be 
clearly visible. If we place the sensor card in position A, we will see that the light spots 
are not aligned. That is, the light from the Thru-port is on the bottom left in Figure 
5.15(a). Likewise, at position C, the light spots are not aligned. In position B, however, 
we can see that 1λ  from the Thru-port and the Drop-port overlap. This means that if we 
align the processor at this point, then a waveband from either port can be coupled into 
the other port with minimal power loss (assuming that the steering angle of the 
processor is not a limiting factor).  
Point B is our first intersection point. If we repeat the same procedure for 2λ , we would 
have found the second point needed to form the “line-of-intersection”. The wavebands 
should be able to be directed to either port by the possessor with minimum amount of 
loss along the line of intersection. Note that however, not necessarily all the 
wavelengths between 1λ  and 2λ intersect on the same line of intersection. This will 
cause some coupling degradation. But this degradation is expected to be minimal. 
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              (a)         (b) 
Figure 5.15.  (a) The setup used to create the line of intersection to correctly align the Opto-
VLSI processor with respect to the grating plate to help ensure that all wavebands can be 
directed to the Thru and Drop-port with minimum loss; (b) The dual-spot image as viewed on the 
near-IR sensor card at positions A, B, and C respectively. 
 
5.4 Five-channel ROADM 
Our first attempt was to construct a 5-channel ROADM to assess the interchannel cross-
talk and interport isolation. In this experiment all the wavebands were directed back into 
the Thru-port.  
Five pixel blocks with independent holograms were uploaded into the processor to steer 
the incident wavebands between the Add-port and the Drop-port. A basic optimisation 
technique was used to enhance the signal-to-noise ratio of the waveband channel. This 
optimisation technique which used the linear voltage ramp profile with adjustable 
plateaus mainly helped to address the flyback effect, and not so much on the nonlinear 
response of the LC material as a function of voltage. 
The hologram used to direct the five incident wavebands namely, 1545 nm, 1550 nm, 
1555 nm, 1560 nm, and 1565 nm into the thru-port is as shown in Figure 5.16(a). 
Figures 5.16(b) and (c) show the spectral outputs at the Thru-port and Drop-port 
respectively. It can be observed that the spectral power at the Thru-port falls off 
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gradually as the wavelength increases. The loss in optical power is attributed to the 
nonlinear LC response. The non-uniformity of the WDM spectrum needs to be 
addressed as it can cause a power imbalance in a WDM system. We also notice that the 
1565 nm waveband had interport isolation of only 13 dB, which is 12 dB below the 
standard isolation level required in most WDM applications.  
To attain a satisfactory optical add-drop function, the performance of Opto-VLSI 
processor must be optimised to maximise both the coupling efficiency and the interport 
isolation, and minimise the crosstalk. 
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(c) 
Figure 5.16.  A 5-channel ROADM based on Opto-VLSI processor. (a) The linear-voltage 
hologram responsible for directing all the wavebands to the Thru-port; 
Spectral outputs at (b) Thru-port; and (c) Drop-port.  
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5.5 Further optimisation 
We have seen the preliminary results for a five-channel ROADM in the previous 
section, and we found that the inter-port isolation does not fall within the current 
requirements of optical WDM systems. This section attempts to improve the inter-port 
isolation and the signal-to-noise ratio by further optimising the steering efficiency of the 
Opto-VLSI processor. This improved performance of the processor is crucial to the 
realization of low crosstalk reconfigurable optical add/drop multiplexers (ROADM) 
using Opto-VLSI processor. 
Two experiments were performed to validate the steering efficiency improvement. The 
primary experiment involved the reconfigurable optical add/drop multiplexer 
(ROADM) setup and the use of a near-infra-red (NIR) tunable laser source. In the 
second experiment, we focused on the optimisation of the steering efficiency of the 
Opto-VLSI processor illuminated using a He-Ne laser source (632 nm) in free space.  
 
5.5.1. Optimisation results for NIR (ROADM setup) 
In this setup, the 1545 nm waveband was launched into the input port of the ROADM, 
and the appropriate phase hologram with a linear blazed grating profile was uploaded 
into the processor in order to couple the waveband into the Thru-port with highest 
possible coupling efficiency, and the optical power on the spectrum analyser was 
recorded. Next, the grating profile was optimised to maximise the power of the first-
order beam. This approach (i) minimised the flyback effect and (ii) helped to linearise 
the LC phase-voltage relationship taking into account the fringing field due to the 
pixilated electrode array and the LC viscosity. The same procedure was repeated for 
other wavebands namely 1550, 1555, 1560, 1565, and 1570 nm which required different 
grating periods ranging from 36 to 166 μm respectively, for optimum coupling. The 
output power levels for these wavebands are plotted in Figure 5.17 for the linear as well 
as the optimised voltage profiles. 
Figure 5.17 shows that the power output of the linear series begins to drop off as the 
steering angle becomes smaller (larger grating period). This is in agreement with the 
hypothesis put forward in the Introduction (Chapter 2). That is, the non-linear LC 
phase-voltage effect becomes more pronounced as the period becomes larger and more 
optical power is distributed to other higher diffraction orders when a linear voltage ramp 
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is applied. On the other hand, in the short-period region the non-linearity of LC phase–
voltage dependency becomes negligible, while the flyback effect begins to dominate.  
In the ROADM setup, higher diffraction order beams can potentially couple into 
undesired port leading to poor inter-port isolation. Optimisation can maximise the 
power of the first order (the steered order) while reducing the powers of the higher 
orders. Table 5.2 shows measurements of two optimised Opto-VLSI voltage profiles for 
steering angles of 0.27° and 2.7°. It was noticed that for a steering angle of 0.27° the 
optimised nonlinear voltage profile exhibits about 8dB of improvement in the coupling 
efficiency, and a 12dB enhancement in the inter-port isolation. For a steering angle of 
2.7°, the fly-back effect dominates over the nonlinear effect, leading to limited 
improvements in diffraction efficiency and port isolation of about 2dB and 3dB, 
respectively. Note that, despite the fact that these improvements at high steering angles 
were limited to a few dB, the signal and inter-port isolation levels were adequate for 
practical ROADMs. 
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Figure 5.17.  Optimisation results using the near-IR source for the linear voltage 
ramp input, and the optimised (nonlinear) voltage ramp input 
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 Table 5.2.  Command voltage profiles for steering angles of 0.27 and 2.7 degrees. 
Steering 
angle 
[degree] 
 Measured optical power [dBm] Improvement
Linear 
Non-linear 
(Optimised) 
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5.5.2. Optimisation results for He-Ne laser (632nm) in free-space 
A linear voltage ramp of 128 electrodes per grating period was uploaded into the Opto-
VLSI processor to generate a diffraction pattern in which the first order corresponds to 
the steered beam. The diffraction pattern was intercepted by a screen placed 3 metres 
away from the Opto-VLSI processor. The optical power of the first-order beam was 
measured using a power meter (Newport 1830-C). The diffraction patterns generated by 
both the linear and optimised voltage ramps were as shown in Figure 5.18. The 
optimisation of the voltage ramp yielded a signal power improvement of 7.5 dB. 
1.51 μW
8.40 μW
Higher orders
0th order blocked
1st order
With linear voltage ramp grating period = 128 electrode
With non-linear voltage ramp  
Figure 5.18.  Optimisation result for the He-Ne laser in free space using a steering grating 
having 128 electrodes per grating period. 
 
From Figure 5.18, we can also observe that (i) the positions of the first and other higher 
order beams remain at the same location for a given grating period, and (ii) the shape of 
the voltage profile ramp affects the exact distribution of optical power among the 
diffraction orders. The optimised voltage ramp shifted the power distribution from the 
higher orders into the first order (the steered beam). This increases the signal while 
reducing the noise. In other words, it improves the signal-to-noise ratio significantly, 
and this significant improvement is consistent with the near-IR results presented in table 
5.2, whereby the improvements in signal and inter-port isolation achieved were 8 dB 
and 12 dB, respectively. 
The general optimised voltage profile is largely in agreement with the LC phase-voltage 
plot, except for the ‘hump’ region that seems to prevail for both the near-IR and 632 nm 
wavelengths.  
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5.6 Six-channel ROADM Demonstration 
INPUT: λ1, λ2,…, λn
THRU: λ2, …, λn
ADD: λ1*
DROP: λ1
Opto-VLSI
processor
Blazed 
grating
Collimators
Optical
Fibers
Circulators
λn
λ1
λ2
 
Figure 5.19.  Experimental setup for the ROADM. 
We have developed and implemented further optimisation of the steering efficiency of 
the Opto-VLSI processor in the previous section. We are now in a position to apply this 
optimisation technique to improve the performance of the ROADM system.  
In this section, we demonstrate the principle of a 6-channel Opto-VLSI-based ROADM 
shown in Figure 5.19 by measuring the output spectra at the Thru and Drop ports for 
different add/drop scenarios with the optimisation technique applied. Figures 5.20(a) 
and (b) show the hologram and the equivalent 1-D optimised voltage profile that 
coupled all the WDM channels into the Thru-port (no dropped channels); whereas 
Figures 5.20(c) and (d) show the measured output optical spectra at the Thru and Drop-
ports. Also shown in Figure 5.20(c) is the passband of the Thru-port around 1545nm. 
The centre wavelengths of the WDM channels were 1545 nm, 1550 nm, 1555 nm, 1560 
nm, 1565 nm, and 1570 nm. The input signal power per channel was +4 dBm and the 
loss of the grating plate was about 2dB at 1550nm. The Opto-VLSI processor used in 
the experiments had a low reflectivity and a low fill factor, resulting in a measured 
optical loss of around 6dB. The measured two-way fiber coupling losses were around 
2dB. Figure 5.20(c) shows crosstalk levels of less than -25 dB at the Thru and Drop 
ports. In general, the crosstalk was due to higher-order diffraction, low fill factor of the 
Opto-VLSI processor, and the nonlinearity of the electro-optic material used.  Figures 
5.21(a) and (b) show the hologram and the equivalent 1-D optimised voltage profile that 
dropped the 1550 nm and 1565 nm wavelengths from the Input-port to the Drop-port. 
The corresponding spectra at the Thru and Drop ports are shown in Figures 5.21(c) and 
(d). Figures 5.22(a) and (b) show the hologram and the equivalent 1-D optimised 
voltage profile that dropped the 1545 nm, 1550 nm, and 1555 nm wavelengths from the 
Input-port to the Drop-port. The corresponding spectra at the Thru and Drop ports are 
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shown in Figures 5.22(c) and (d). Figures 5.23(a) and (b) show the hologram and the 
equivalent 1-D optimised voltage profile that dropped all the wavebands (from 1545 nm 
to 1570 nm) from the Input-port to the Drop-port. The corresponding spectra at the Thru 
and Drop ports are shown in Figures 5.23(c) and (d). These results demonstrate the 
principle of the Opto-VLSI-based ROADM. Note that, the number of WDM channels 
can be increased by using a large area, small pixel-size Opto-VLSI processor, and a 
smaller collimated optical beam size. 
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SCENARIO 1: NO WAVEBANDS DROPPED 
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Figure 5.20.  Hologram and the corresponding output power spectra at the Thru and Drop ports 
of the ROADM when no wavebands were dropped. (a) All-thru hologram. (b) The corresponding 
1-D optimised voltage profile. (c) Output spectrum at Thru-port, and (dashed) passband around 
1545nm. (d) Output spectrum at Drop-port. 
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SCENARIO 2: 1550 nm and 1565 nm DROPPED 
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Figure 5.21.  Hologram and the corresponding output power spectra at the Thru and Drop ports 
of the ROADM when 1550, and 1565 nm were dropped. (a) Hologram. (b) The corresponding 1-
D optimised voltage profile. (c) Output spectrum at Thru-port. (d) Output spectrum at Drop-port. 
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SCENARIO 3: 1545, 1550, and 1555 nm DROPPED 
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Figure 5.22.  Hologram and the corresponding output power spectra at the Thru and Drop ports 
of the ROADM when 1545, 1550, and 1555 nm were dropped. (a) Hologram. (b) The 
corresponding 1-D optimised voltage profile. (c) Output spectrum at Thru-port. (d) Output 
spectrum at Drop-port. 
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SCENARIO 4: All WAVEBANDS DROPPED 
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Figure 5.23.  Hologram and the corresponding output power spectra at the Thru and Drop ports 
of the ROADM when all wavebands were dropped. (a) Hologram. (b) The corresponding 1-D 
optimised voltage profile. (c) Output spectrum at Thru-port. (d) Output spectrum at Drop-port. 
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5.7 Conclusions 
In this Chapter, we have proposed an Opto-VLSI-based ROADM architecture and 
performed system analysis. We further optimised the performance of the processor and 
have experimentally demonstrated a 6-channel Opto-VLSI-based ROADM by showing 
different add/drop scenarios. Results have shown that interchannel crosstalk of less than 
-25dB and inter-port isolation of better than 20 dB can be attained.  
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CHAPTER 6 
CONCLUSIONS 
The main objectives of this research project have been achieved. Three important 
optical devices for future reconfigurable multichannel networks using a 1-D Opto-VLSI 
processor have been investigated and demonstrated. Furthermore, effective computer 
algorithms have been developed to improve the performance of the processor, and 
hence the system performance of any optical devices that depend on it. 
The architecture and characteristics of a 1D Opto-VLSI processor have been studied in 
detail. The complex collective effects, particularly the impact of non-linearity of LC 
materials and the flyback effect on the steering efficiency and inter-port isolation have 
been investigated. Experimental results have shown improvements in signal power and 
inter-channel crosstalk as large as +8dB and +12dB, respectively, compared to the non-
optimised mode of operation. This improved performance of the processor is vital for 
Opto-VLSI-based reconfigurable optical add-drop multiplexers in meeting the stringent 
requirements of modern optical networks. 
We have also realised the multi-function capabilities of the processor in the context of 
WDM system. In particular, we have demonstrated a reconfigurable comb filter, and a 
tunable optical notch filter for EDFA equalisation. It has been found that that power and 
spectral tuning capabilities of multi-band filters were excellent, and therefore suitable 
for WDM applications. The wavelength span of both the comb and notch filter of about 
7 nm have been demonstrated, however this can be increased by using grating plates 
with a lower groove frequency. 
We have also demonstrated a six-channel Reconfigurable-Optical-Add-Drop 
Multiplexer (ROADM) based on the beam steering properties of the Opto-VLSI 
processor. Interchannel crosstalk of less than -25dB and inter-port isolation of better 
than 20 dB had been demonstrated. The maximum number of accommodable channels 
can be increased by using a 1D Opto-VLSI processor with a wider window area, as 
predicted in the theoretical study, or by using a 2D Opto-VLSI processor. For example, 
if the 1D processor can accommodate 6 channels, then a 2D processor with similar 
specifications can accommodate a total of 66×  channels. 
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 6.1 Suitability of Opto-VLSI Devices for WDM applications 
The desirable characteristics of a WDM device are low insertion loss, low polarisation 
dependent loss, and low temperature dependence. We address these characteristics 
below based on the experimental results obtained: 
6.1.1 Insertion loss 
The main attractive feature of the Opto-VLSI processor is that it offers accurate beam 
pointing. However, the measured steering loss of the 1-D Opto-VLSI processor is about 
6 dB, but we believe that this loss figure can be reduced significantly if the electro-optic 
materials were improved. For example, it has recently been reported that liquid crystal 
layer of as much as 200π  phase thickness has been developed at Kent State University 
(U.S.) while maintaining the required switching speed, and this was done by mixing 
liquid crystal material with polymers. Alternatively, new beam steering concepts can be 
investigated. One possibility is to harness the unique properties of tunable photonic 
crystals. With the features reported, it can be anticipated that not only will the loss be 
improved, but the higher diffraction orders and side-lobes will be reduced significantly. 
 
6.1.2 Polarisation dependence 
The polarisation dependence of a liquid crystal-based device is expected to be high, and 
the Opto-VLSI processor is no exception. However, this problem can be solved by 
placing a quarter-wave plate between the liquid crystal layer and the dielectric mirror. 
This ensures that both the ordinary (o) and the extraordinary (e) light waves experience 
the same phase retardation. This is because the quarter wave plate rotates the 
polarisation state of the light by 90 degrees, thereby ensuring that each beam 
experiences both polarisation states equally. The polarisation independence of such 
device configurations had already been demonstrated [6]. 
6.1.3 Temperature dependence 
No significant temperature dependence was detected in the operation of the Opto-VLSI 
processor, since it does not contain any components that exhibit high temperature 
sensitivity. The liquid crystal itself is temperature dependent, however, the liquid crystal 
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was found to be stable at least over the normal working range of within +/- 5 degrees 
near room temperature. 
 
6.1.4 Reconfiguration time 
Current switching speed of the liquid crystal is about 35 ms, as was mentioned in 
chapter 2. Again, this is not a fundamental limit and can be improved significantly with 
the development of novel material systems and techniques. 
The current switching response parameters of the investigated 1-D Opto-VLSI 
processor were 50-1000 microseconds rise time, 2-4 ms fall time, within range of 10% - 
90% of modulation depth. 
 
6.2 Future work 
In this section, some possibilities for future research exploration opened by the current 
research are listed: 
 
6.2.1 Rectangular pixels 
We would prefer the Opto-VLSI processor to have a large steering angle without 
excessive loss in the steering efficiency. The main limiting factor that restricts how 
small a pixel size of the processor can be is often the space required underneath each 
pixel to house its memory elements. There is a way of overcoming this problem by 
noting that the processor often requires large steering angles in only one direction, for 
example the horizontal one. The vertical direction only needs to provide a small steering 
range in order to prevent signal crosstalk with the zeroth order. Therefore, there is a 
possibility to realise a larger steering range in the horizontal direction by reducing the 
horizontal dimension of the pixels while increasing the vertical dimension so as to 
maintain the area of the pixel required to house its memory elements. 
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6.2.2 Insertion of quarter-wave plate 
As noted in the previous section, the insertion of a quarter-wave plate makes the Opto-
VLSI processor almost polarisation insensitive, thereby decreasing the number of 
components needed for the device by not requiring polarisation controller. 
 
6.2.3 Glass substrate integration 
The multifunction device can be incorporated in a glass substrate for easy packaging 
and to help ensure the robustness of the beam alignment. 
 
6.2.4 New Optical Devices 
Innovative and interesting optical devices based on Opto-VLSI processor can be 
envisioned. Researchers at COMPS are currently engaged in ongoing research in areas 
of optical interconnects [65] and defence applications [66] employing the Opto-VLSI 
technology. 
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